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The approaching depletion of fossil fuels and the increasingly serious global climate 
change have driven people to search for clean and renewable alternative energy sources. 
Photovoltaic (PV) cells, which allow the transformation of sunlight directly into electric 
energy, are expected to play an important role in addressing the above-mentioned 
challenges. Despite of this huge potentiality, these devices are suffering from the low 
efficiency and high generation cost of electricity. To meet the ever-growing demand for 
energy in a sustainable manner, the production of cost-effective device has become the 
urgent affairs for the development of solar industry.    
In this work, applications of effective titanium dioxide (TiO2)-based aerogels 
nanomaterials and rare earth cations-activated photoluminescent down-conversion 
phosphor materials to the domain of energy conversion, particularly for the photovoltaic 
performance enhancement of single-junction monocrystalline silicon (mono-Si) solar 
cells are investigated. Improved conversion efficiency in solar cell was demonstrated by 
developing novel and low-cost anti-reflection coatings (ARCs) on the cell’s textured 
surface through screen printing technique.  
TiO2 has been widely used in silicon PV devices as ARCs owing to its outstanding 
optical properties. This study looks at investigating the influence of high surface area 
anatase TiO2 based nanoaerogels for the light harvesting enhancement in solar cells, 
specifically at the ultraviolet (UV)-blue wavelengths of solar spectrum. Mesoporous 
TiO2 and magnesium oxide (MgO)-doped TiO2 aerogels were prepared using a 
precipitation method in conjunction with a modified sol-gel process. The anti-reflection 
coating (ARC) was formed by screen printing an optimised mixture solution comprising 
TiO2-based aerogels nanomaterials and a co-polymer resin of ethylene vinyl acetate 
(EVA) on the textured surface solar cell. The obtained results revealed an optimum 
relative enhancement of 6.0% in conversion efficiency for MgO-doped TiO2 coating and 
3.4% for the undoped-TiO2 under a simulated one-sun illumination. Given that the 
silicon solar cells exhibit weak response to the short wavelength of incident light, an 
alternative ingenious approach to suppress the spectral mismatch and increase the device 
efficiency has been executed based on the method of spectrum modification by employing 
down-converting photoluminescent phosphor materials. Silicon PV cells were coated 
with a luminescent layer composed of EVA and high-quantum yield terbium-activated 
gadolinium oxysulfide (Gd2O2S:Tb
3+
) phosphor using rotary screen printing. The 
modified cells showed an optimum enhancement of 3.6% in conversion efficiency 
relative to those for a bare cell. The obtained results also demonstrated that the 
down-conversion (DC) effect induced by the doping agent (Tb
3+
) is solely responsible 
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Chapter 1 Introduction 
 
Energy is the developmental basis of national economy in modern society, and is 
essential for sustaining the human life. Over the last five decades, the rapid increase of 
energy demands driven by the ever-increasing global population and strong economic 
growth, which has made exploitation of fossil fuels to increase exponentially. Currently, 
almost 85% of world energy demand is still fulfilled by fossil fuels, such as coal, oil, 
and natural gas [1]. Despite of being served as the major energy sources, their impacts 
on environment, especially the greenhouse gas (GHG) emissions released from the 
combustion of fossil fuels continue to threaten the ecosystem, which are blamed for the 
global warming and climate change. It was reported that the global carbon dioxide (CO2) 
emissions resulting from fossil fuels have hit a “historic high” of 32.5 gigatonnes (Gt) in 
2017, as shown in Figure 1.1. This represents an increase of 460 million tonnes (Mt) 
from 2016 [2].  
 
Figure 1.1. CO2 emissions from global energy consumption (includes fossil fuel and industrial processes) 
for the time of 2000-2017 [2]. 
The increase in emissions was driven by the higher energy consumption arising 
from a robust growth of global economic, the lower fossil-fuel prices as well as the lack 
of sufficient energy efficiency efforts that led to increased energy demand for cooling 
and heating. However, CO2 emissions stagnated since 2014 and even declined in 2015 
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and 2016, in spite of continuous expanding of global economy, which was mainly due to 
the low-carbon technology deployment and remarkable energy efficiency enhancements, 
giving rise to a decline in coal demand by 2.3% in 2015 and 2.1% in 2016 respectively. 
This is led by lower demand in the power sector in key markets such as China and the 
United States. For instance, a significant decline came from the China, where the 
emissions dropped by 0.6% in 2015, which was primarily the result of a slowdown in 
economic growth and most importantly, a continued switching from coal toward gas and 
renewable energy sources [2]. 
On the other hand, as the limited and non-renewable source of energy, fossil fuels 
cannot offer us adequate supply in a long term. Latest statistics show that the global oil 
consumption in 2017 was 4621 million tones, corresponding to 34.2% of total world 
energy and will reach its peak before 2020 [3]. Hence, it becomes an urgent issue to 
look for employment of renewable sources as substitutes to provide clean and reliable 
energy. Wind, solar, geothermal, biofuel and hydropower are recognised as feasible 
alternative sustainable approaches for power generation and energy saving without any 
harm to environment and ecosystem [4]. Considering the potential gravity of the climate 
crisis, the World Group III of the Intergovernmental Panel on Climate Change (IPCC) 
issued a call in 2007 to reduce the global GHG emissions by 50% to 85% in 2050, as 
compared with 2000. This target would restrict the growth of atmospheric CO2 level to 
445 parts per million (ppm) [5]. In addition, the European Union made a commitment in 
2014 to achieve at least 27% shares being generated from renewable energy sources and 
a reduction of 40% in EU’s GHG emissions by 2030, compared to 1990 [6].  
As the cleanest and most abundant energy source on this planet, solar energy is 
expected to become a significant component in a sustainable energy system. At present, 
solar power is still the third most important renewable energy source in terms of global 




Figure 1.2. Solar Photovoltaic (PV) installed capacity by region from 2007 to 2017 [7]. 
The readily availability and the greatest potential of solar energy source has made 
rapid changes and development in the application of solar photovoltaic (PV) systems for 
power generation over the last decade. Figure 1.2 shows the share of global cumulative 
PV installations from 2007 to 2017. The market growth of solar photovoltaic worldwide 
installed capacity witnessed a record high of 402 GW in 2017, raising total capacity by 
nearly 33% over 2016, which was primarily driven by the new installations in China [7]. 
If this trend continues, it is predicted that the cumulative global photovoltaic installed 
capacity will potentially reach 3000 GW in 2050, which is roughly equivalent to 11% of 
total global electricity supply. By that time, the solar energy may eclipse fossil fuels and 
become the world’s most widely used source of electricity generation [8]. Solar 
photovoltaic (PV) technology has been recognised as the optimal and most effective 
method to harness the solar energy since it allows the direct transformation of sunlight 
into electrical energy with small or even without any moving parts, which could help to 
relieve the energy shortages and environmental issues. Furthermore, photovoltaic have 
the advantages of providing non-overlay complementarities with other renewable 
energy systems: (i) flexibility in terms of implementation, i.e., solar panels can be 
installed on rooftops of building or used as a stand-along system in power station; (ii) 
environmental friendly energy services, since they produce nearly zero emission of 
GHG and noise which are considered to be an ideal solution in addressing energy 
supply especially in urban areas; (iii) solar panels require relatively low operating and 
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maintenance costs in comparison with other renewable energy systems and they are 
currently witnessing an acceleration in falling of market price, which makes them 
unique in the world of energy and leads to their rapid expansion [9,10]. Solar 
photovoltaics has come a long way since its first application in space satellite and now it 
already becomes a mature, reliable, and low-cost renewable energy technology in 
different regions of the world. Thanks to the advancements technology and industry 
development, the solar PV has already achieved the grid parity in many countries, and 
its robust growth will continue to meet the global renewable targets [11]. 
1.1 Motivation 
Along with the rapid development in photovoltaic market, crystalline silicon based 
solar cells are still the most commonly used photoelectric converting devices, which 
constitute about 85% to 90% global market share of worldwide production of PV 
modules, and are predicted to remain a dominant PV technology until 2020 [1]. 
However, the relatively high generation cost and limited conversion efficiency are the 
main barriers to the development of these systems at large scale [12]. For a 
single-junction silicon solar cell, the conversion efficiency is primarily constrained by 
the spectral mismatch losses, non-radiative recombination, and Fresnel reflection losses. 
Among which the former represents the highest loss in silicon solar cells, accounting for 
nearly 50% of incident power from the solar spectrum. This is because of the 
non-absorbable or sub-bandgap photons with energy below the bandgap (hv ˂ Eg), which 
is also referred as transmission losses, and strong thermalisation caused by 
above-bandgap photons (hv ˃ Eg) [13]. Since the electrons beyond the required amount 
to cross the band gap cannot be recovered, this energy is thus converted into heat and 
lost due to the relaxation of electron and hole to the conduction and valence band edges 
respectively. As a result, around 47% of energy conversion is lost as the lattice 
thermalisation resulting from the high energy photons within the spectrum of short 
wavelength [14]. 
To reduce these losses and minimise the recombination, the promotion of light 
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absorption through the solar cell is required. A number of approaches have been 
developed, such as, anti-reflection coating (ARC) [15], surface texturing [16], spectrum 
modification [17], and incorporation of nanostructured light trapping materials [18].  
ARC is one of the most common methods that applying thin film of anti-reflection 
materials to the front surface of the solar cell in order to suppress the reflection losses at 
the interface between air and silicon wafer. Silicon nitride (SiNx), silicon oxide (SiO2) 
and titanium dioxide (TiO2) are frequently used as the anti-reflection layers for 
commercial silicon solar cells due to their appropriate index values and excellent 
passivation properties that could effectively inhibit carrier recombination at the cell 
surface [5, 12, 221]. Surface texturing aims at introducing random or regular features on 
solar cell surface through chemical etching process, which could trap light and 
contributes to an elongation in optical path length even without the addition of any 
light-harvesting materials [16]. Spectrum modification through down-converting or 
luminescence down-shifting (LDS) process can help harvest full solar energy by 
expanding the operating spectral range toward the ultraviolet (UV) range. The most 
commonly used photoluminescent materials include rare earth element-doped 




) and alkaline-earth aluminate 







229, 230]. Additionally, metal silver (Ag) and gold (Au) nanoparticles exhibit large 
scattering cross section to improve the light absorption owing to their unique localised 
surface plasmon resonances while they are limited by the expensive resources [18, 89]. 
Recently, researchers have obtained a new record high conversion efficiency of 
25.7% for crystalline solar cell by using n-type silicon wafers with passivated electron 
contact [19]. Improving the cells’ efficiency is also for the sake of further reducing the 
cost of electricity, thereby, securing our energy supplies. Although silicon is not an ideal 
semiconductor material to achieve the optimum value for solar-to-electricity energy 
conversion, its abundance on earth, stability, non-toxicity, and high carrier mobility 
make it practically useful and commercially reliable to be used in the photovoltaic cells. 
In addition, crystalline silicon technology has by far the highest commercial efficiency 
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in comparison with all other types of solar cells [12, 20].  
The gradual increase in global energy consumption and the approaching depletion 
of fossil fuels are the motive force of this work through the systematic investigation and 
study on the photovoltaic performance enhancement of silicon solar cells. This thesis 
focuses on improving the light absorption of commercial single-junction 
monocrystalline silicon solar cells within both UV and visible region of solar spectrum 
through the application of high surface area TiO2-based aerogel nanomaterials and 
rare-earth-doped ultraviolet (UV) spectral down-converting phosphor materials. 
Successful fabrication and integration of those light-harvesting materials on the textured 
surface of solar cell have been demonstrated, in an attempt to compensate for the 
relatively low spectral response of silicon solar cell at the UV-blue wavelengths while 
improving the conversion efficiency.  
1.2 The thesis objectives 
In order to obtain a remarkable enhancement in conversion efficiency of mono-Si 
solar cells, a variety of oxide materials are employed and investigated which include 
nanostructured titanium dioxide (TiO2) and magnesium oxide doped-titanium dioxide 
(MgO-TiO2) UV-photocatalytic materials, silicon oxide (SiO2) ARC, terbium-doped 
gadolinium oxysulfide (Gd2O2S:Tb
3+
) and europium-doped strontium aluminates 
(SrAl2O4:Eu
2+
) down-converting phosphors. The main aims and objectives of this work 
are: (1) to explore and demonstrate cost-effective safe processing methods for the 
energy performance enhancement of mono-Si solar cell; (2) to compare quantitatively 
the effects of these light harvesting materials to the cells performance enhancement; (3) 
to characterise and compare the optical, electrical, and external quantum efficiency 
analyses in terms of the enhanced conversion efficiency in modified solar cells; (4) to 
clarify the reasons behind the improved light absorption and scattering in photovoltaic 




1.3 Thesis Outline 
In this section, the content of each chapter of this thesis is highlighted. There are a 
total of six chapters in which the relevant details are explained and discussed 
comprehensively. The supporting information for each related chapter was also included 
in the appendix. The organisation and layout of the thesis are briefly presented as 
follows:  
Chapter 1 provides an overview of the world energy situations and discusses about its 
long term effects, particularly on eco-environment, economic growth, and social 
development. Moreover, it showed the potential of PV technology as a sustainable 
alternative for energy production and in addressing the environmental issues. 
Chapter 2 describes the fundamental theory of the photovoltaics principle, the 
parameters that were used to characterise the performance of the PV cell, and the factors 
affecting its conversion efficiency. It also introduces the current design concepts and the 
most innovative techniques for improving the energy performance of crystalline silicon 
solar cells, as well as the identified opportunities for solar PV application.  
In Chapter 3, the specific experimental apparatus and instruments used in this study 
were introduced in detail. It also describes the functions of particular equipment and the 
experimental methods in carrying out the laboratory tests. 
Chapter 4 gives a detailed description of experimental works on developing novel 
anti-reflection coatings (ARCs) on top surface of mono-Si solar cell using high surface 
area of TiO2-based aerogel nanomaterials and thin films of silicon oxide in which the 
results on enhanced solar cells are also presented. 
Chapter 5 focuses on the work carried out on improving the photovoltaic performance 
of mono-Si solar cells through the spectral modification by employing down-converting 
rare-earth lanthanide oxysulfide and alkaline aluminates phosphors. The J-V 
characteristics, optical reflectance, and external quantum efficiency response of 
modified mono-Si solar cells are demonstrated.  
In Chapter 6, a summary of the main findings from the experimental tests, the 
recommendations for future research directions and studies regarding the identified gaps 
in this work are given. 
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Chapter 2 Literature review of Photovoltaic 
fundamentals and technologies 
 
This chapter gives a brief overview of semiconductors physics. It describes basically 
the working principles of solar cells. Some core concepts such as charge collection and 
recombination, semiconductor p-n junction, energy bandgap, I-V characteristics, as well 
as the mechanisms in which energy conversion losses may occur in solar cells are given 
with a detailed description and explanation. In addition, the development of solar 
photovoltaic systems and novel suitable methods for energy performance enhancement 
of crystalline silicon solar cell are introduced. 
2.1 Solar radiation 
Solar photovoltaic conversion is the process which a fraction of sunlight spectrum is 
absorbed and converted directly into electricity based on the photovoltaic effect. The 
sunlight is a radial patterning of the electromagnetic radiation, which is made up of tiny 
energy capsules called photons. These photons carry a packet of energy that depends 
upon their source spectral properties. Generally, a single photon can be characterised by 
its wavelength (λ) or an equivalent energy, denoted by (Eλ). The relationship between 
these parameters is described by the Planck’s equation of the energy carried by a photon 




          (2.1) 
where h represents the Planck’s constant (6.626 × 10
-34 
J∙s), c is the speed of light in 
vacuum (2.998 × 10
8
 m/s). 
This inverse relationship indicates that light within short wavelength of solar 
spectrum exhibits high photon energy whereas light consisting of lower energy photons 
are usually located in the longer wavelength regions. By expressing the photon energy 
in terms of electron volt, the above equation can be re-written as:  
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E (eV) = (6.626 × 10
-34 
J∙s) × (2.998× 10
8




      
λ    
               (2.2) 
 
The sun can be discussed comprehensively in terms of its characteristics while there 
are two most important parameters of which will fundamentally affect the photovoltaic 
performance of solar cells: the solar irradiance, with the standard unit of W/m
2
, which 
represents the amount of incident energy per unit area on a surface, symbolised by “G”. 
Another factor is the spectral characteristics of the light, including the electromagnetic 
spectrum, light speed, and the polarization of light [22]. Figure 2.1 shows the geometric 
diagram of the sun-earth relationships.  
 
Figure 2.1. Geometric diagram showing the sun-earth relationships. Figure is adapted from [24]. 
Solar irradiance outside the earth’s atmosphere is referred as solar constant (Gsc), 
with a value of 1367 W/m
2
, which represents the radiant power from the sun per unit 
time received on per unit area perpendicular to the sun’s rays at a mean earth-sun 
distance of 149.5 million kilometers [23, 24]. This irradiance would be reduced by at 
least 30% after being transmitted through the earth’s atmosphere since partial of solar 
spectrum, particularly short wavelengths were either scattered or absorbed by the upper 
atmospheric molecules, dust particles, aerosols, and other air molecules including water 
vapour, carbon dioxide, oxygen, and ozone. In addition, the earth’s albedo could reflect 
a partial solar radiation back into the outer space. Solar radiation coming from the 
sunlight without having been scattered is called direct radiation or beam radiation while 
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scattered solar flux that reach the surface of earth is referred as diffuse radiation. These 
two components make-up of the total radiation on a horizontal surface [24]. 
However, since the above mentioned attenuation is highly inconstant, which usually 
varies with the time and geographical location, the light path length through the 
atmosphere is therefore identified as the most important parameter to determine the total 
amount of sunlight that incident on the earth’s surface. This length is the shortest when 
the sun is at the zenith and the ratio of actual light path length to this path length 
vertically upwards is defined as the optical air mass (AM). It is given by the equation 
[25]: 





       
          (2.3) 
where L represents the effective path length of solar radiation through the atmosphere, 
L0 is the vertical thickness of the atmosphere (also referred to as zenith path length). θz 
is the zenith, which is the angle between the line passing through the sun and the 
perpendicular to the horizontal plane. Figure 2.2 shows the definitions for optical AM 
and the daily motion of the sun where the solar altitude angle θα and zenith angle are 
illustrated. 
 
Figure 2.2. The path length in units of Air Mass which varies with the zenith angle. Figure is adapted 
from [26]. 
For a zenith angle θz of 0º, which means when the sun is directly overhead, the air 
mass coefficient is 1. AM 1 atmosphere could achieve around 70% of solar radiation 
after both direct and diffused fluxes. Figure 2.3 shows the spectral distribution of 
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sunlight in case of AM 0 and AM 1.5. For the purpose of characterising the energy 
performance of various types of PV devices, the standard spectrum at AM 1.5 (θz = 
48.19º) was used, which is normally defined in two standards: AM1.5G and AM 1.5D. 
The AM 1.5 global spectrum (AM 1.5G) is usually designed for flat PV modules that 




), while for 
solar concentrating system with lower capability of acceptance of solar radiation, the 
AM 1.5 direct spectrum (AM 1.5D) is used as the standard spectrum and therefore it has 
a relatively lower total irradiance of 900 W/m
2
. In addition, both two standards specify 
that the receiving surface (solar panel illuminated surface) is regarded by default as an 
inclined plane at 37º tilt toward to the equator, facing the sun at an elevation angle of 
41.81º above the horizon, as can be seen in the inset plot of Figure 2.3). The AM 0 
spectrum is also referred to as extraterrestrial solar spectrum, which represents the solar 
irradiance outside the earth’s atmosphere (the altitude is higher than the sea level). AM 
0 radiation flux is in numerical equal to the solar constant (1367 W/m
2
) while it varies 
with the periodic changes in earth-sun distance, and with the sunspot activities [24]. 
 
Figure 2.3. Spectral comparison between extraterrestrial (AM 0) solar spectrum (olive) and the standard 
AM 1.5 global spectrum (orange). Inset plot shows the geometrical position in terms of a 37 degree tilted 




Since the sunlight can be considered as a blackbody emitter at a surface temperature 
around 6000 K, the spectral irradiance at a certain temperature “T” and wavelength “λ” 
is modeled and given by the Planck’s law [28]: 
                    F (λ,T) = 
     
    
  
      
                    (2.4) 




, h and c are the Planck constant and the 
light speed respectively, which have been demonstrated previously. The standard 
spectrum of AM 0 is approximately to a 5800 K black body radiation and is mostly used 
for space solar cell applications. Figure 2.4 shows the Plank’s black body distribution 
over a wide range of wavelengths in solar spectrum at various temperatures between 
3000 and 6000 K.  
 
Figure 2.4. Spectral intensity distribution of black body radiation as a function of wavelength at 
temperature of 3000 K, 4000 K, 5000 K, 5800 K, and 6000 K respectively. Figure is reproduced with 
permission from PVeducation.org [29]. 
 
As indicated by the curves that the wavelength corresponding to the peak intensity 
of the blackbody (λmax) decreases with the increasing of temperature. This relationship 
is known as Wien’s displacement law [28] and is shown in the equation 2.5: 
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λpeak T = 2.898 × 10
-3
 m ∙ K                      (2.5) 
where λpeak is the wavelength in “meter” at which the peak spectral irradiance is emitted 
and T is the Kelvin temperature of the blackbody (K). Wien’s law is used for the 
estimation of the temperatures of radiant objects which are much higher than that of 
their surroundings. The spectral energy distribution of sunlight is important for the 
investigation and performance analysis on solar cells since they respond differently to 
the variation of photon energy (or wavelength) [25]. 
Solar radiation data is essential when calculating the electricity generation from 
photovoltaic systems. With the knowledge of the climate condition and the 
corresponding geographical information, the estimation of the incident radiation on both 
horizontal and tilted planes can be obtained by means of solar irradiation models based 
on the empirical relationships [30]. Examples are shown in Figure 2.5 where the 
average hourly radiation per day of sunshine for each month within a year for the 
location of Gatwick, London is illustrated (Weather data are provided from the US 
department of Energy’s Building Technologies Office through the EnergyPlus website 
[32]). 
 
Figure 2.5. Average hourly radiation per day for each month of the year in Wh/m
2
, for Gatwick, London 
[31]. 
 
           Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec hour Avg year
 0:01- 1:00 0 0 0 0 0 0 0 0 0 0 0 0 1 0
 1:01- 2:00 0 0 0 0 0 0 0 0 0 0 0 0 2 0
 2:01- 3:00 0 0 0 0 0 0 0 0 0 0 0 0 3 0
 3:01- 4:00 0 0 0 0 0 0 0 0 0 0 0 0 4 0
 4:01- 5:00 0 0 0 0 8 13 9 1 0 0 0 0 5 3
 5:01- 6:00 0 0 0 13 60 64 56 20 2 0 0 0 6 18
 6:01- 7:00 0 0 9 72 155 153 148 99 38 7 0 0 7 57
 7:01- 8:00 0 6 60 167 276 253 249 198 128 57 9 0 8 117
 8:01- 9:00 17 53 135 279 381 352 366 317 221 137 57 13 9 194
 9:01-10:00 65 121 225 349 460 462 440 405 312 212 119 54 10 269
10:01-11:00 108 164 263 411 516 539 523 479 383 272 167 89 11 326
11:01-12:00 140 195 289 453 564 594 580 518 412 290 173 116 12 360
12:01-13:00 142 204 331 464 565 560 596 518 400 269 180 124 13 363
13:01-14:00 128 187 296 467 537 510 567 549 365 218 148 94 14 339
14:01-15:00 78 151 229 381 480 471 503 469 318 165 87 48 15 282
15:01-16:00 31 87 167 296 379 378 400 373 234 93 28 11 16 206
16:01-17:00 2 25 89 189 286 282 290 251 125 26 1 0 17 131
17:01-18:00 0 1 22 84 176 180 192 120 34 1 0 0 18 68
18:01-19:00 0 0 1 14 62 80 84 31 2 0 0 0 19 23
19:01-20:00 0 0 0 0 7 17 15 2 0 0 0 0 20 3
20:01-21:00 0 0 0 0 0 0 0 0 0 0 0 0 21 0
21:01-22:00 0 0 0 0 0 0 0 0 0 0 0 0 22 0
22:01-23:00 0 0 0 0 0 0 0 0 0 0 0 0 23 0
23:01-24:00 0 0 0 0 0 0 0 0 0 0 0 0 24 0
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2.2 Solar cells technology review 
Photovoltaics or solar cells are known as the devices which can convert solar energy 
directly into electricity. Ever since Edmond Becquerel observed for the first time of the 
photovoltaic effect in 1839 [33], the continuous innovation in solar PV technologies has 
been the goal in the scientific research domain for the sustainable energy development 
and for the progress of human society. Researchers have termed the advance of 
photovoltaic systems into three technological generations which is schematically shown 
in Figure 2.6. 
 
Figure 2.6. Classification of PV solar cell. Figure is reproduced with permission from [34]. 
“First generation” technology is referred to as the traditional or wafer-based solar 
cells which are made by semiconductors such as monocrystalline and poly-grain silicon. 
This technology benefited from its abundant and non-toxic raw materials, as well as the 
moderate conversion efficiency. Despite of being dominating almost 90% of the market 
share, it was challenged by the low performance-cost ratio or the trade-off relationships 
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between the material’s purity and thickness since Si-based solar cell could not satisfy 
the requirements of thin in thickness and high in purity at a low-cost base [37,38].  
From thence, the photovoltaic industry switched to the “second generation” based 
on thin film technology at which solar cells are made from thin layers (1~4 micrometers 
in thickness) comprising other semiconductor materials, include amorphous silicon 
(a-Si), Cadmium Telluride (CdTe), Copper-Indium-Selenide (CIS), and 
Copper-Indium-Gallium-Diselenide (CIGS). Compared to silicon wafer-based cells, thin 
film PV technology requires smaller quantity of semiconductors and thus light in weight, 
which provides access to obtain ultra-thinner thickness with lower production cost and 
can be more easily integrated into large-scale photovoltaic power station or small 
stand-alone power system. However, the application of second generation solar cells in 
PV market are greatly constrained by the influence of low efficiency (up to 12% for a-Si 
cell and less efficient per single unit area), insufficient stability, high-toxicity (cadmium), 
and scarcity of raw materials (indium) [35].  
Due to these drawbacks and limitations, a new technology has been introduced. 
“Third-generation” technology aspires at achieving the lowest fabrication cost and 
further higher conversion efficiency by minimising the spectrum losses. In this case, a 
number of novel approaches such as multi-junction solar cells, intermediate band cells, 
hot carrier cells, multiple carrier excitation, and optical up/down conversion of the 
photons etc that are mostly on the basis of thin film cells, have been devised, in the 
pursuit of making the utmost use of the solar spectrum. Nevertheless, most of these 
concepts with theoretical high conversion efficiency in this generation are still in the 
research stage [36].  
. Table 2.1 summarises the most recent recorded electrical characteristics of 
single-junction solar cells and commercial PV modules where their prospective growth 






Table 2.1. Confirmed conversion efficiency of solar cells and commercial PV modules measured under 
the global AM1.5 spectrum (1000 W/m
2
) at 25 ºC [20]. 
Generation Classification 
   Efficiency (%) 
Cell     Module 
1
st






































Figure 2.7. Solar cell efficiency revolution from 1975 to 2023 [39]. 
It has been 64 years since the Bell laboratories created the first crystalline silicon 
(c-Si) photovoltaic cell. The c-Si cell has witnessed a significant increase in conversion 
efficiency from its earliest ~6% [40], to now, almost reaching a 27% for laboratory 
scale, and even 24% efficiency is commercially available at module level [41]. 
Impressive progress made in photovoltaic (PV) technology contributes directly to the 
cost reduction of power generation. Due to the continued capacity expansions, the c-Si 
PV modules cost from 2011 to 2018 dropped drastically from $1.6 to $0.34 per peak 
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watt, with a reduction rate around 79% [42]. Since the costs in regard to the cell 
processing consumes less than 20% of the total module cost, improving the conversion 
efficiency of solar cell is actually to further reduce the levelised cost of electricity [43]. 
 
2.3 Operational principles of photovoltaic solar cells 
2.3.1 Photovoltaic effect 
Photovoltaic solar cells are the semiconductor devices that can convert sunlight 
directly into electricity while the actual creation of the electrical current occurs at an 
atomic level. Solar cells employ semiconducting materials such as silicon, to form a p-n 
junction. These semiconductors are usually doped with admixtures of other elements at 
a controlled amount as a way to improve their conductivity properties. The basic 
operating principles of solar cells depend on the photovoltaic effect, which requires the 
creation of both current and voltage to generate electric power. In this process, incident 
light, in the form of photons, strikes the active area of a solar cell where the absorption 
of light energises electrons that then move from the valence band to the conduction 
band (as shown in Figure 2.8) and each of an electron leaves behind an empty space, 
called hole in the valence band, which is similar to an electron with positive charge. At 
the force of internal electric field (E-field), the electrons and holes flow to the N-type 
and P-type semiconductor respectively, which is known as the separation of 
photo-generated charge carriers (electron-hole pairs). It is in this mobility process where 
the electrons and holes enable the current to flow through external circuit under 




Figure 2.8. Energy band gap diagrams for a typical semiconductor showing the excitation from a donor 
state where an electron is generated in the conduction band. Figure is adapted from [45]. 
The band structure in semiconductors before excitation is typically an entirely filled 
valence band with electrons and empty conduction band, separated from the valence by 
a narrow energy band gap. In general, the electrons can be excited thermally by lattice 
vibrations or by absorbing the adequate energy provided by a photon of light. The 
energy required is equal to the difference between the two states, namely band gap 
energy (Eg = Ec - Ev). When the light is absorbed by semiconductor, photons of solar 
radiation possessing energy higher than the band gap energy (i.e. hυ > Eg) dislodge some 
of the electrons. As soon as the electron is transferred to the conduction band, and then 
it is free to move and to act as an electricity carrier.  
The absorption behavior for semiconductor is characterised by the absorption edge, 
for silicon, its band edge lies within infrared light at wavelength of 1100 nm, at which, 
the photon energy is 1.12 eV. Therefore, if the energy of a photon of light is equal to or 
greater than this, the electron in the outer shell will become excited and therefore able to 
freely move around within the material. Conversely, photon with energy below this 
value will not dislodge electrons while the energy will dissipate through the cell causing 
unwanted heat. Also, any extra energy from a photon that is left over after exciting an 
electron will create heat in the cell [44]. 
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2.3.2 Carrier transport in p-n junction solar cell 
In order to further understand the operating principle of photovoltaic solar cells, a 
fundamental knowledge regarding the collection mechanism of photo-generated carriers 
in p-n junction is pivotal. Solar cells are fabricated from semiconductor materials such 
as Silicon (Si), Cadmium Sulphide (CdS) and Gallium Arsenide (GaAs) while some of 
semiconductors possess excessively low conductivity, thus are not utilised to facilitate 
photons absorption. With the aim of altering the conductivity of the host material in PV 
cell, a process called doping is a vital and essential step, at which, semiconductors are 
doped with a certain amount of impurity atoms having either one more or less valence 
electron. For instance, replacing a silicon atom by a “donor” impurity (i.e. phosphorous) 
will add five valence electrons in the crystal while only four of them contribute to the 
bonding interactions in valence band and the extra electron is therefore loosely bound, 
being ionised and ready for the transition from valence band to the conduction band 
once the absorbed energy is sufficient. As a consequence, this excess electron becomes 
negatively charged and increases the negative conductivity of the semiconductor, which 
is known as the n-type semiconductor. The elements from the fifth group such as 
phosphorous, arsenic, antimony of the periodic table are commonly used as the donor 
dopants. On the contrary, when silicon semiconductor is doped by an “acceptor” 
impurity (i.e. Boron), a hole is created in the bond due to the missing of electron, 
thereby, resulting in an increase in the positive conductivity, and is referred to as a 
p–type semiconductor. Such “acceptor” or trivalent dopants include boron, aluminum, 




Figure 2.9. P-N junction semiconductor diode for a silicon solar cell (Left) and the forward-biased 
schematic diagram (right) showing its working principle. Figure is adapted from [45], [46].  
Figure 2.9 shows the schematic diagram of p-n junction diode under forward bias 
for a typical silicon solar cell. The basic electronic component of the vast majority of 
semiconductor devices is a semiconductor body which two different doping areas adjoin 
each other, in which a p-n junction is formed at the interface (see dashed line in Figure 
2.9). At the p-n junction, some freely moving of electrons (n-region) and holes (p-region) 
wander across the junction to the p-region and n-region respectively meanwhile leaving 
behind static positive and negative charges. This action potentially builds up a “barrier”, 
which repels further diffusion of charge carriers until a forward bias was applied on the 
junction. The region near the p-n junction is thus called depletion region or space charge 
region where there is inexistence of mobile charge carriers. When semiconductor is 
exposed to the sunlight, it will dislodge electrons, generating charge carriers 
(electron-hole pairs). As can be seen in Figure 2.9 (right), the electric field (E-field) 
inside the depletion zone makes the electron move  to the n-type area and the hole to 
the p-type area while the current starts flowing into the external load that connected to 
the semiconductor. The resulting separation of charge carriers is how the voltage is 
developed. The current-voltage (I-V) characteristic of an ideal and darken p-n junction 
solar cell is described by the Shockley ideal diode equation [47]: 
                 
  
   
                        (2.6) 
where I is the current through diode at applied voltage V; I0 represents the diode reverse 
(dark) saturation current, which is determined by the quality of p-n junction, the purity 
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of semiconductor material, as well as the doping density; q is called the absolute value 
of electron charge or the elementary positive charge in Coulombs (1.602 × 10
-19
 C); k is 
the Boltzmann’s constant (1.381× 10
-23
 J/K), and T is the absolute temperature of the 
p-n junction in Kelvin. When solar cell is illuminated, the electric circuit can be 
regarded as a current source driven by the sunlight which is connected in parallel with a 
real diode, as shown below in Figure 2.10. Under a fixed temperature and solar 
irradiance, the net current produced by the PV cell is given as follow [47]: 
I = IL - ID = IL -         
  
   
                      (2.7) 
 
Figure 2.10. Equivalent circuit of single-diode model of an ideal solar cell. 
One notable parameter here is the ideality factor “n” of a diode which describes 
how closely the diode follows the ideal diode model. Since above equation assumes that 
all the recombination occurs through either band to band or via traps in the bulk areas 
rather than in the junction of the device. In such case, the default value of “n” is 1. 
However, in reality, recombination can occur in other ways or in different areas of the 
semiconductor device, which may result in deviation of ideality factors from the “ideal”. 
Ideality factor thereby offers an alternative way of describing these particular conditions. 
For single-junction solar cells, uncertainties and variations of “n” in terms of a variety 
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2.3.3 Recombination of charge carriers 
Since light absorption is a thermodynamic process, the generated charge carriers can 
recombine again causing themselves to disappear if the thermal equilibrium is disrupted, 
which is known as the recombination. In semiconductors, radiative recombination and 
non-radiative recombination through defect states are the two most important 
recombination mechanisms. Radiative recombination can be described as the transition 
of excited electrons from the conduction band to recombine and annihilate with equal 
numbers of holes in the valence band meanwhile releasing photons with energy equal to 
the corresponding band gap. The effect of radiative recombination for indirect 
semiconductor (i.e. Silicon) is insignificant. Figure 2.11 shows the energy levels of 
partial of chemical elements in the energy gap of silicon. 
 
Figure 2.11. Energy level diagram of partial chemical elements in the gap of silicon, letter "A" and "D" 
represent the “acceptor” and “donor” impurity respectively [44]. 
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Due to the presence of impurities and lattice defects in silicon, the excited electrons 
may not directly move back to the valence band but through the defects, which depends 
on their energy levels. Defect lies deeply in the forbidden band are referred to as deep 
defects which act as traps, determining the recombination of charge carriers. It can be 
seen from Figure 2.11 that some chemical elements make energy level located near the 
centre of forbidden gap, which are called recombination centres since they tend to impel 
freely mobile electrons to recombine with holes across the gap. This process is generally 
non-radiative and the recombination frequency increases with the decreasing of distance 
between where a defect level situated and the gap centre [44].  
Hence, the solar cells with excellent performance should have longer diffusion 
length than their thickness to obtain a longer carrier lifetime. Furthermore, considering 
the trade-off between the carrier separation and surface recombination as well as 
adequate use of the solar spectrum, the wafer thickness for most of the conventional 
bulk crystalline silicon cells (mono- and poly-), is between 200 to 300 μm. The 
electrical contact is made by either metallic busbars or grid patterns to maximise the 
collection of photo-generated charge carriers. In addition, anti-reflection coatings such 
as silicon nitride (SiNx), silicon oxide (SiO2), and titanium dioxide (TiO2) are 
commonly used and deposited on the front surface of solar cell, as an approach to 
inhibit the recombination of charge carriers at the cell’s surface [12, 48]. 
2.4 I-V characteristics of photovoltaic cells 
P-N junction solar cells are the smallest units of PV system for effective electricity 
generation and their electrical characteristics are the most important criteria for 
performance evaluation as well as in design of the photovoltaic system. In previous 
section, the operating mechanisms of solar cells are briefly introduced while the two 
most important parameters used to characterise the PV cells photovoltaic conversion 
performance for a given irradiance, operating temperature, and spectrum are the 
short-circuit current (Isc) and the open-circuit voltage (Voc).  
The short-circuit current is the current through the solar cell at zero voltage, which 
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represents the maximum current delivered by the solar cell at any irradiance level and is 
ideally equal to the light-generated current (IL). On the other side, the open-circuit 
voltage, Voc, is the maximum voltage at zero current when the load resistance is 
infinitely large. The open circuit voltage can be determined from the equation [49]: 
Voc = 
   
 
 ln [ 
   
  
 + 1]                 (2.8) 
Below in Figure 2.12, it shows the typical current-voltage (I-V) and the power-voltage 
(P-V) curve of a silicon solar cell where the Isc and Voc are indicated respectively.  
 
Figure 2.12. Typical I-V & P-V curves of a single-junction solar cell. 
The performance of the solar cell can be evaluated by considering various 
parameters such as the maximum power (Pmax), the energy conversion efficiency (η), 
and the fill factor (FF). It can be seen that the maximum power point (MPP) is located 
at the peak point of P-V curve or alternatively the “knee” of I-V curve, which gives its 





Figure 2.13. I-V & P-V curves showing the definition of fill factor. 
The fill factor (FF) can be described as the ratio of the maximum power from the 
solar cell to the product of Voc and Isc, which is defined by [49]: 
FF = 
    
        
 = 
        
       
               (2.9) 
Graphically, FF represents the squareness ratio of A/B as shown in Figure 2.13. Fill 
factor is a measure of quality of the solar PV device and any impairment that reduces 
the fill factor will result in a decrease in power output. For wafer-based crystalline 
silicon solar cells, the fill factor should reach a typical value range of 0.7-0.8 [44]. 
The conversion efficiency (η) is defined as the ratio of the maximum power output 
to the power input to the cell at a given irradiance and temperature, which is expressed 
by [49]: 
η = 
    
    
 = 
           
   
               (2.10) 
where G is the total irradiance (W/m
2
), A is the effectively illuminated area (m
2
). The 
conversion efficiency of a solar cell depends on various factors such as the irradiance 
level, temperature condition, and the spectrum of incident light. Figure 2.14 shows the 





Figure 2.14. Irradiance and temperature effects on the I-V characteristics of PV cells. 
As shown in Figure 2.14, with the increase of irradiance, both the Voc and Isc 
increase at different levels. The variation in irradiance affect significantly in Isc whereas 
little in Voc. On the other hand, the increase in temperature leads to a decrease in band 
gap, thus giving a higher intrinsic carrier concentration which in turn, exponentially 
increase the reverse saturation current (I0). As a result, this variation gives rise to slight 
increase in the Isc while major reductions in the Voc [50].  
In addition, for the photovoltaic module, the conversion efficiency also depends on 
the encapsulation materials and the incident angle of sunlight where it strikes on the 
module’s surface. Since the irradiance varies greatly with the time, as well as the 
weather and geographical conditions, the efficiency along with other electrical 
parameters of solar cell are therefore characterised under standard test conditions (STC). 
The standard test condition specifies an irradiance of 1000 W/m
2
 and a cell temperature 
of 25 ºC with an AM 1.5G spectrum, which could ensure a relatively independent 
evaluation and comparison of electrical performance of various types solar devices [51]. 
In previous section, the equivalent circuit of solar cells has been demonstrated,  
however, in the practical operation, the I-V characteristics of solar cells are different 
from the ideal model (see Figure 2.10) Figure 2.15 below shows the single diode circuit 




Figure 2.15. Equivalent circuit of single-diode model of a practical solar cell. 
In the practical circuit model, series resistance, Rs, and shunt resistance, Rsh, are 
introduced. As a result, the diode equation of solar cell is then modified into the 
following form: 
I = IL - ID - Ish= IL -         
            
   
      
        
   
         (2.11) 
Series resistance is the sum of the total internal resistances that appear in series with 
the capacitance of the solar cell, which represent the majority of resistive losses at the 
metal contacts while minor at the emitter and the base of solar cell. Unlike series 
resistance, the presence of shunt resistance is mostly like arisen from the inherent 
defects during the manufacturing process, which represents the leakage of current across 
the solar cell p-n junction. The effects of variations in parasitic resistances on the solar 
cell I-V curve are shown below in Figure 2.16.  
As can be seen from the curves, series and parasitic shunt resistances play different 
roles in affecting the fill factor and thus the conversion efficiency. Series resistance 
scarcely affects the open circuit voltage (Voc) since there is no light-generated current 
“IL” flow through it while the voltage drop near the Voc region becomes increasingly 
obvious with increase of series resistance, shifting the I-V curve toward the current and 
becoming a linear line at the late stage {see Figure 2.16(a)}. At this point, the 
short-circuit current is also reduced, in this case, the Rs becomes a concern mainly at 
high irradiance levels, determining the performance of solar cells [52]. 
On the contrary, the influence brought by a shunt resistance is significant particular 
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at lower irradiance level. Due to the shadow effect, it creates a parallel high 
conductivity path in the solar cell, leading partial amounts of current away from the load 
circuit which in turn leads to a decrease of the load current and thus power losses, which 
can be expressed by the following equation: 
P’MP = PMP (1 - 
   
   
 
 
   
 )                 (2.12) 
It can be seen from Figure 2.16(b), with the decrease of shunt resistance, the voltage 
starts to dominate the I-V curve, dragging it down toward the x-axis, leading to a drastic 
reduction in the open circuit voltage. In addition, reducing the shunt resistance may 
generate excess heat and hotspots in the solar photovoltaic module, resulting in 
performance degradation of the encapsulating materials. Therefore, for the purpose of 
solar array design, the shunt resistance is suggested to be as high as possible with little 
leakage currents flowing throughout the device [53]. 
 
Figure 2.16. Effects of variations in (a) series resistance (Rs) and (b) shunt resistance (Rsh) on the I-V 
characteristic of a solar cell. 
2.5 Quantum efficiency and spectral response 
Quantum efficiency (QE) is an important parameter that is implemented to describe 
the semiconductors’ photoelectric conversion capability, which is closely related to the 
photo-generated current, and thus the conversion efficiency. In a broad sense, the 
quantum efficiency of a solar cell represents the percentage of incident photons that 
convert and then produce the charge carriers in a certain wavelength range of light. To a 
large extent, it is also a measure of the spectral response (SR) of a photovoltaic cell 
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which estimates the spectral distribution of short-circuit current. Therefore, the quantum 
efficiency for photons with energy below the band gap is zero.  
The quantum efficiency can be classified as two different types, namely external 
quantum efficiency (EQE) and internal quantum efficiency (IQE). The former is defined 
as the ratio of the number of charge carriers contributing to the short-circuit current to 
the number of incident photons with photon energy of Eph. The EQE can be expressed in 
terms of the spectral response, which is formulated [54]: 
EQE (λ) = 
  
  
 × SR                         (2.13) 
Mathematically, dividing the short-circuit current density (Jsc) by the incident irradiance 
(Iin) gives the SR as: 
SR (λ) = 
        
        
                             (2.14) 
Therefore, the EQE can be derived as: 
EQE (λ) = 
                 
          
 = 
       
      
               (2.15) 
where ϕ (λ) represents the photon flux (photons/m
3
). EQE is directly obtained from the 
spectral response measurement and it provides the information of how a solar cell can 
potentially respond and convert the incident photons to electrons.  
In addition, it also reflects the optical loss mechanisms for certain types of solar 




Figure 2.17. External, Internal quantum efficiency and reflectance responses curves for industrial 
SiNx-passivated Si-wafer based crystalline solar cell [55]. 
Due to the surface reflection loss and recombination, only a small portion of light is 
converted into electron-hole pairs at short wavelength of solar spectrum while at the 
long wavelength (λ ≥ 1100 nm), most photons directly transmit through the solar cell 
before being absorbed. This is due to the insufficient diffusion length of absorbing layer 
when compared to the penetration depth, making itself becomes transparent [55]. It can 
be seen that in a broad wavelength band, the EQE is close to 0.9, indicating that most of 
the incident photons are converted into electron-hole pairs. 
   Unlike the EQE, IQE represents the fraction of photons absorbed by the 
photoreactive surface of solar cell that create electrons in the device. The IQE can be 
expressed by [56]: 
IQE = 
 
       
 ×  
       
      
 = 
       
       
               (2.16) 
where R is the reflectance in the active layer. It neglects the effects brought by the 
parasitic absorption and the rear surface transmittance, and thus IQE is usually higher 
than EQE while below unity (100%). 
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2.6 Energy losses in p-n junction silicon solar cells 
   Photoelectric conversion process in p-n junction solar cells includes the generation 
of electron-hole pairs through absorption of incident photons and the separation of 
charge carriers in terms of their intrinsic properties. However, this instantaneous process 
is always accompanied by various types of energy losses which affect significantly their 
electrical performance. Hence, to address it with appropriate approaches, the knowledge 
of the mechanisms in which energy losses may occur in solar photovoltaic cell is 
pivotal.   
2.6.1 Intrinsic losses of ideal solar cells 
Spectral mismatch losses 
Silicon (Si) has been widely employed as the semiconductor materials to produce 
solar photovoltaic devices. However, the typical single p-n junction solar cells are only 
able to convert photons within a limited portion of solar spectrum, with ultraviolet (UV) 
and most infrared (IR) region of light untapped. Since silicon has a band gap of ~ 1.12 
eV, corresponding to an absorption cut-off wavelength of around 1100 nm, any light 
with wavelength longer than it or below the band gap (Eph < Eg) is insufficient to excite 
electrons and thus transmit directly through the silicon, which is referred to as the 
sub-band gap or the transmission loss.  
On the other hand, photons with energy greater than the band gap of silicon (Eph  > 
Eg) can be absorbed while the excess energy beyond the required amount to cross the 
band gap is converted into heat and be lost due to the relaxation of hot carriers into the 
band edge, which is known as the lattice thermalisation. Figure 2.18 shows the 
fundamental losses in a single-junction silicon solar cell under realistic AM1.5G solar 
spectrum. Above two energy losses can be attributed to the intrinsic characteristics of 
silicon that result in the spectral mismatch between incident light and absorption 
functionality of the semiconductor materials. These losses account for above 50% loss 
in single junction crystalline silicon solar cells [57].  
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Another loss is arisen from the relative energy reduction of open-circuit voltage 
(qVoc) compared to the band gap (see inset plot in Figure 2.18) and it would become 
more apparent for real solar cells situation due to the increasing recombination current, 
which will be discussed in detail in the latter section [58].  
 
Figure 2.18. Fundamental energy losses in a single-junction silicon solar cell. The inset shows the band 
structure with the splitting of the quasi-Fermi energy levels [59]. 
2.6.2 Extrinsic losses of non-ideal cells 
It is worthy to note that the above energy losses mechanisms are based on the ideal 
model in which all extrinsic losses that caused by external factors such as optical 
reflection, non-radiative recombination, ohmic and other additional limiting impacts are 
neglected, which are discussed in detail as follow: 
2.6.2.1 Fresnel reflection losses 
In the real solar cell operating model, the electrical performance is also determined 
by the optical properties deriving from the optical reflective index, denoted by n. Due to 
the high contrast of refractive indices between the surrounding air (n ≈ 1) and silicon (n 
≈ 3.4), a portion of the light is reflected back when it hits the interface between the two 
media, which may in turn result in over 30% loss of incident energy. The effective 
reflectance at normal incidence is given by [60]: 
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R (λ) =   
                 
                 
  
 
                   (2.17) 
where nair and nSi are the refractive indices of air and silicon respectively, λ 
represents the wavelength of incoming light. Hence, the greater difference in refractive 
between two different materials gives the higher value in reflectance. An effective 
approach to minimise the reflectance losses of such a surface is by adding an 
intermediate layer with index of refraction between them. Typically, coating an 
anti-reflective layer on the front surface of solar cell could reduce the contrast on the 
new-formed interface, and thus reduce the overall reflectance. Moreover, to further 
reduce the reflectance losses, texturing the surface through the chemical etching has 
been widely used commercially since this could elongate the optical path length in the 
solar cell. The basic reflection losses with appropriate modified methods as discussed 
are illustrated in below Figure 2.19:  
 
Figure 2.19. The optical reflection losses in a single-junction crystalline silicon solar cell with flat surface 
(left), and the modified solar cell with improved light trapping capability by combining  surface 
texturing and anti-reflection coating (right). 
For most of crystalline solar cells, the thin metal strips or grids are commonly 
placed on the front side to provide electrical contacts. However, these electrodes may 
block the incident light and thus reduce the photo-active surface area of the cell. The 
fraction of the active area of a solar cell is determined by the coverage factor: 
Cf = 
  
    
                       (2.18) 
where Af is the area that is uncovered by the electrode, Atot represents the total area of 
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the cell. It is clear that the higher the coverage factor of a solar cell, the less shading loss 
it could avoid. Therefore, it is of great importance when designing the electrode since 
both a high coverage factor and a sufficient cross-section need to be considered. 
2.6.2.2 Solar cell collection losses 
The collection of charge carriers in a solar cell is strongly influenced by the charge 
transport, which is driven by the diffusion. For instance, when electron-hole pairs are 
generated in the p-type region of the solar cell, the minority electron carriers with 
relatively short lifetime have to diffuse to the edge of depletion zone to avoid being 
recombined by the high concentration of positive charges. In this case, the distance that 
these charge carriers are able to diffuse before being annihilated by recombination plays 
an important role in determining the collection capability of a p-n junction solar cell 
since only charge carriers generated within a certain diffusion length from the edge of 
space charge region will contribute to the production of current and the remaining 
electron-hole pairs will be lost to heat through non-radiative relaxation [44, 49]. 
Therefore, as discussed in the previous section, to ensure a long lifetime of minority 
charge carriers thus high efficiency, the solar cells are expected to achieve a sufficient 
length of effective thickness (diffusion lengths plus depletion zone) that may even larger 
than the cell thickness. 
2.6.2.3 Recombination losses 
Recombination of excess charge carriers inevitably results in additional energy 
losses which have been briefly introduced earlier. In a non-ideal p-n junction silicon 
solar cell, the effect brought by the non-radiative recombination is more significantly 
due to the impurities and crystal lattice defects in silicon where it can occur irregularly 
in the bulk material, at the surface of p-n junction, or even at the interface. Under a high 
recombination condition, the forward bias diffusion current increased rapidly which in 
turn reduces the open-circuit voltage (Voc) and fill factor (FF). Minimisation of 
recombination losses can be achieved by increasing the doping level in the wafer or by 
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passivating the cell’s surface [12]. 
2.6.2.4 Ohmic losses  
The ohmic losses in non-ideal solar cells can be classified as series (Rs) and parallel 
shunt resistance (Rsh) losses. There are three causes which could lead to the variation of 
series resistance: firstly, the movement of currents through the emitter, which depends 
on the total number of connected components in the circuit; secondly, the contact 
resistance between the p-n junction and electrodes, including also the bulk resistance of 
the junction; and finally, the resistance at the electrodes (e.g., the metal contacts at top 
or rear surface of the cell) [49].  
Series resistance affect mainly the fill factor as can be seen in Figure 2.20 (olive 
curve) where it impels more current through the diode and thus moving the curve down 
toward the y-axis. In addition, these losses become more apparent particularly at high 
currents through the load, which can be explained by the Ohm’s law: 
W = I × (Rs)
2
                                         (2.19) 
where W is the rate of the energy loss at a given resistance Rs. Hence, to ensure a good 
performance of solar cell, the Rs should be as low as possible.  
 
Figure 2.20. The effects of high series resistance (olive), low shunt resistance (red), and combined effects 
(orange dashed line) on the electrical characteristics of single-diode ideal solar cell.  
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However, the influences of shunt resistance to the solar cell performance stem from 
the crystal defects, pinholes, and impurity precipitates in the bulk junction during the 
manufacturing process. It reflects the effect of leakage current of a photovoltaic cell. 
Shunt resistance affects mainly on the open-circuit voltage (Voc) and thus the power 
output as shown in Figure 2.20 (red curve), this effect is severe when irradiance levels is 
reduced. A higher shunt resistance means a less current that leaving away from the 
intentional load. Therefore, it is suggested to be as large as possible, especially for the 
PV array [49]. 
2.6.2.5 Summary 
To summarise the components that represent all potential energy losses in a p-n 
junction solar cell with energy band gap of Eg, a schematic diagram is plotted in below 
Figure 2.21. These losses are either due to the intrinsic properties of the semiconductor 
materials or because of the technical limitations during the manufacturing process, 
which should be minimised to enhance the devices efficiencies.  
 
Figure 2.21. Energy losses in a single-junction solar cell: {1} lattice thermalisation loss; {2} transmission 
loss; {3} recombination loss; {4} junction loss, and {5} contact loss. Figure is adapted with permission 
from [61]. 
To improve the light trapping capability and reduce the energy losses of solar cells, 
a number of approaches have been proposed, such as antireflective coating (ARC), 
surface texturing, and incorporation of nanostructured light harvesting materials. 
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Furthermore, the spectral up/down conversion photoluminescence materials in terms of 
spectrum modification have been widely applied in various types of solar devices, 
which will be further discussed in latter section. In addition, several multiple schemes 
including band gap collaboration, hot carrier collection, and multiple carrier excitation 
that are based on the thin films cells are interested while are not the scope of this work. 
2.7 Solar cell efficiency limits 
In order to find out how efficient a typical solar cell can be, William Shockley and 
Hans Joachim Queisser calculated and proposed an upper limit for the efficiency of an 
ideal single-junction solar cell based on the detailed balance limit, which is referred to 
as the Shockley-Queisser (SQ) limit. The detailed balance principle in this calculation 
makes some fundamental assumptions as listed below: 
 The solar cells were illuminated under non-concentrated sunlight and only one 
electron-pair is excited per incoming photon. Excess energy that greater than 
the band gap is converted into heat. 
 Photons with energy above the band gap of the semiconductor materials are 
absorbed with absorption capability of 100%, which means all optical losses are 
ignored. 
 In addition to the dopants, there are no other impurities and crystal defects 
existed in the solar cell, and hence no recombination centres that reduce the 
minority carrier lifetime, only radiative recombination losses process is taken 
place. 
 Photons absorbed by the solar cell should have a number that equal to the sum 
of the number of recombined charge carriers and the number of electron-hole 
pairs generated by the cell.  
Under these assumptions, the derivation of SQ limit proposed that the maximum 
theoretical efficiency for a single-junction silicon solar cell (cell temperature at 300 K) 
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with band gap of 1.12 eV can reach 29.4%, and 33.1% at 1.34 eV, under the AM 1.5G 
solar radiation spectrum. This efficiency can elevate to 44% by using a 6000 K 
blackbody radiation (cell temperature at 0 K) [62]. Apparently, this is an idealised 
model which may not applicable for indirect bandgap semiconductors in which the 
non-radiative recombination is the dominating recombination mechanism. However, in 
the real case, all of the components that are neglected in above assumptions are need to 
be taken into account. To visually express the conversion efficiency of a real solar cell 
with corresponding components that represent particular losses during the energy 
conversion process, we firstly adapt the external quantum efficiency, as can be 
approximated by: 
EQE (λ) = (1-R) IQEop (λ) ηg (λ) IQEel (λ)               (2.20) 
where IQEop is the internal optical quantum efficiency, which represents the possibility 
of photons being absorbed in the absorber layer of the solar cell; IQEel is the electrical 
quantum efficiency which describes the probability that photo-generated carriers are 
collected; ηg represents the number of electron-pairs generated per absorbed photon. 
Using equation (2.10) and (2.15), and then the conversion efficiency η can be expressed 
by [63]: 
η = 
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 (λ) denotes the photon flux density, which is defined as the number of photon 
per unit area per time and unit wavelength. From the integrated equation, the potential 
factors that affect the conversion efficiency of a solar cell can be classified as: 
(1). Loss by sub bandgap photons. 
(2). Loss by photons with excess of energy. 
(3). Loss by coverage of metal contacts (electrodes). 
(8) (7) (6) (5) (4) (3) (2) (1) 
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(4). Loss due to the optical reflectance. 
(5). Loss by incomplete light absorption in the absorber layer. 
(6). Loss due to recombination. 
(7). Loss due to the voltage drop. 
(8). Loss due to the fill factor. 
2.8 Efficiency enhancement for solar PV cells 
The losses of energy conversion in solar cells have become an obstacle in narrowing 
the gap between the current efficiencies and the detailed balance limit which need to be 
overcome to make PV technologies cost-competitive compared with other types of 
energy sources. In this work, the core target is to improve the photovoltaic performance 
of commercial single-junction monocrystalline silicon solar cells through the simple and 
cost-effective processing methods. The main idea is to deposit light-harvesting particles 
on the front surface of solar cell, taking advantage of their outstanding light scattering 
capabilities to enhance the overall light trapping in silicon panel, thus compensating for 
the insufficient exploitation of solar spectrum. This idea is built on the basis of three 
fundamental schemes: spectrum modification, optical path length enhancement, and 
anti-reflection.  
2.8.1 Spectrum modification 
Solar radiation represents the largest flow of energy from the sunlight. After 
reaching the earth’s surface, around 49% of the energy is in the solar spectrum of 
near-infrared region (λ ˃ 700 nm), 45% is in the visible range (400 nm ˂ λ ˂ 700 nm), 
and the rest of 6% is ultraviolet radiation (˂ 400 nm) [64]. Generally, the crystalline 
silicon (c-Si) solar cells are only able to absorb photons within a limited portion of solar 
spectrum, with ultraviolet (UV)-blue and most infrared (IR) region of light unexploited. 
One of the most prominent solutions to address the fundamental spectral mismatch 
losses is by tuning the incident photon energy to a certain level that close to the 
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semiconductor band gap through spectral conversion, which can be split into three 
major processes: down-conversion (DC), down-shifting (DS), and up-conversion (UC). 
Figure 2.22 shows the schematic energy diagrams of photon absorption in a typical 
case of down-conversion, down-shifting, and up-conversion respectively. In a 
down-conversion (DC) process, a high-energy incident photon within short wavelengths 
is absorbed and re-emitted as two or more lower-energy photons at longer wavelengths 
where the silicon solar cells exhibit a robust spectral response. The emission of photons 
is actually associated with the radiative recombination of an electron from the excited 
state to the ground state. As a result, a greater number of electron-pairs are generated for 
the collection of charge-carriers and thus the increase in short-circuit current. 
Down-conversion is expected to contribute to a quantum yield over 100%, and it is 
therefore referred to as quantum cutting [65].  
 
Figure 2.22. Schematic energy diagrams showing the working mechanisms in DC, DS, and UC 
respectively. A high-energy incident photon is absorbed by the DC layer and is then emitted into two 
lower-energy photons (left). A high-energy photon is absorbed in the DS layer with the emission of one 
lower-energy photon and thermalisation losses (dashed line in middle). Two lower-energy photons are 
absorbed in the UP layer followed by the emission of one high-energy photon (right). 
As with similar functionality of down-conversion, the down-shifting exhibits the 
function of emitting only one photon and thence the quantum yield of this conversion 
process is less than 100%. In spite of lower number of emitted photons when comparing 
with the DC process, there is still an overall increase in the electron-hole pair generation 
as the photons are much easier to be absorbed by the silicon cell in the visible region 
than in the UV-blue region of spectrum.  
DC and DS layer are generally situated at the front surface of solar cell in order to 
convert more UV-blue photons into visible region for better absorption. In addition, the 
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intensity of emitted photons in both cases scales linearly with the input light intensity 
since only one incident photon is involved per conversion process. 
In case of up-conversion, two or more low energy photons that cannot be absorbed 
by the solar cells are converted into one high-energy photon. It effectively reduces the 
transmission losses by shifting sub-band gap photons in the infrared (IR) part of 
spectrum to the near-IR or visible region [17]. Up-conversion layers are usually located 
on the back surface of solar cell with a reflector placed behind, in order to protect the 
luminescence from escaping out of the rear. In this case, it would not interfere with the 
absorption of high-energy incident photons at the front surface of solar cell, and thus a 
real harvest of photocurrent. 
Modifying the spectrum via up/down-conversion or -shifting could effectively 
reduce the fundamental spectral losses in single-junction silicon solar cells thereby 
improving the conversion efficiency [61]. 
The selection of materials used in the photoluminescent layer is crucial in 
determining the level of benefits from its application. For the purpose of maximising the 
conversion efficiency of solar cells, there are some general characteristics that those 
luminescent species are desired to possess [66]: (1) luminescent quantum efficiency 
close to 100% for DS layers, 200% or even higher for DC layers; (2) a relatively broad 
excitation band in the absorption spectrum is required in order to offset the wavelength 
region where the solar cells exhibit a poor spectral response; (3) a relatively narrow 
band in the emission spectrum where the peak emission wavelength is well consistent 
with the maximum EQE value of the cell; (4) non-overlapping between the excitation 
and emission spectra to minimise the energy losses caused by the re-absorption of 
emitted photons; (5) a low refractive index is essential to reduce the reflection losses at 
front surface of the cell; (6) a relatively low fabrication cost. 
A variety of materials can be served as DC, DS, and UC layers for different types of 
solar cells which can be generally grouped into three categories: rare-earth ions, 
quantum dots (QDs), and organic dyes.  
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2.8.1.1 Rare earth ions 
Rare earth elements consist of the lanthanide elements from La (atomic number 57) 












. The incompletely filled inner shell also gives them unique optic and magnetic 
properties that can be used as efficient luminescent materials in a wide range of 
applications such as optical fibers and amplifers, lasers, fluorescent tubes, LEDs, 
television and computer displays [67-69].  
Since they are mostly stable in the trivalent form and thus the energy levels of 4f 
electrons of the trivalent rare earth ions (RE
3+
) have been extensively investigated by 
Dieke [70] and extended by other researchers [71], which is known as Dieke energy 
diagram (see Figure 2.23). This energy level diagrams specify that the energy states 
were experimentally determined by considering the optical spectra of individual metal 
ions doped into the LaCl3 crystals. The semicircles below the bars indicates the 
light-emitting levels while the order of magnitude of crystal field splitting is represented 
by the width of the energy state bars. Note that the diagram almost applies to ions in all 
host lattices due to the little interaction between the 4f electrons and the environmental 
electric field. 
The electronic structures of RE
3+









), which are demonstrated in Table 2.3. Since the 4f 
electrons are well shield form the surroundings, the RE
3
 ions at excited stated have long 
life time and their absorption and emission transitions yield sharp line in the 




Figure 2.23. Energy level diagrams of RE
3+









Table 2.3. Electronic structures of RE
3+






DC, DS and UC have been observed from a variety of RE
3+
 hosts, such as oxide, 
oxysulfides, silicates, and fluorides. Among the rare earth elements, europium (Eu) is a 
good selection for serving as DS layers since it exhibits multiple absorption lines in the 
UV region and intense emission lines in the red-to-green spectral range. Eu
3+
 ions are 
excellent red activator and they possess sharp intra 4f shell electronic transitions while 
divalent europium (Eu
2+
) ions are able to offer efficient broad band green-emission 
under ultraviolet excitation. Generally, the excitation band extends from 200 to 400 nm 
with absorption peak centred at 310 nm while the emission band located in the range of 





transition and it is usually independent to the host materials [75].  
In recent years, Eu-doped strontium aluminates phosphors have seen an explosion 
of interest since they provide outstanding features such as high initial luminescent 
intensity and quantum efficiency, bright emission especially in the visible region, as 
well as good stability compared to sulfide phosphorescent phosphors, which allows 
them to be applied in a variety of fields e.g. luminous paints in highway, airport, 
buildings and ceramic products [229, 230]. According to the literature, the SrAl2O4:Eu
2+
 
phosphor exhibited a broad green-emission band centred at 520 nm under 344 nm 
Atomic number Element symbol Configuration RE
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S7/2) configuration of the Eu
2+
 ions. Moreover, the excitation spectra could 
cover the spectral range of 200 to 425 nm which reveals that it can efficiently absorb the 
energy of the natural light [231]. Additionally, it shows relatively lower value of 
refractive index (n = 1.66) [232] compared to SiNx (n = 1.9) [180] that may potentially 
convert more UV photons into longer wavelength region where solar cell has better 
response. This also suggests that such a candidate can be used as an efficient spectral 
down-converter in silicon solar cell, in an attempt to improve the light absorption, thus 
increasing the cell conversion efficiency. 




Fj’ are observed for 
terbium (Tb
3+
). Among the emission lines from the 
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line at approximately 545 nm is the strongest in nearly all host crystals when the Tb
3+
 
concentration is a few mol% or higher since this transition has the largest possibility for 
both electric-dipole and magnetic-dipole induced transitions [76]. Oxysulfide phosphors 
have high luminescence efficiency not only when activated with Tb
3+
 (blue-white to 




 (green) and other rare earths. This family of 
phosphors plays an important role compared to that of zinc sulfide group in electron- 
and X-ray-excited applications [76].  





 scintillator gives 1.8 times greater light output than 
CaWO4 (the latter was the commonly used tungstate phosphor) [213] and substantially 
better light output than the classic ZnS(Ag)/LiF material by its higher neutron capture 
cross-section and intrinsic conversion efficiency [208, 209]. In addition, the emission of 
Tb
3+
 in lanthanide oxysulfide hosts (Ln2O2S) shows much stronger intensity than in 
borate hosts such as ScBO3, InBO3 and LuBO3 due to the approximately equivalent 
ionic radii between Gd
3+
 (average ionic radius = 1.125 nm) and Tb
3+ 
(average ionic 
radius = 1.135 nm). Furthermore, although YVO4 is also a good host material for 
various Ln
3+
 ions, however, Tb
3+
 does not luminescence in this host [76]. Gd2O2S:Tb
3+
 
has a broad excitation band in the wavelength region of 220 to 300 nm and a prominent 
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green emission line at 545 nm, which is reported as the most commonly used phosphor 
in commercial x-ray intensifying screens for medical diagnosis. It is also widely used 
for display applications in cathode-ray (CRT) tube and TV screens owing to its highly 
bright and efficient green emissions under cathode ray and UV excitations [207]. The 
high density (7.34 g/cm
3
) and UV absorption efficiency, low phonon energy (520 cm
-1
), 
wide band gap (4.6-4.8 eV) and adequate refractive index value (2.1-2.3) enable it to 
effectively trap x-ray photons [205, 206, 210]. This also indicates that Gd2O2S:Tb
3+
 
might be suitable to serve as a green phosphor for UV-blue lights that is capable of 
resolving the spectral mismatch and Fresnel reflection of silicon solar cells. 
The rest of RE
3+






 that conform the standard on 
energy state structures for UC activators are the most frequently used UC phosphors [77] 
whereas they are beyond the current research scope and thus not comprehensively 























witnessed their contributions in improving the energy performance of different types of 
photovoltaic devices. The main advantages of the matrices doped with rare-earth 
elements are as follows [78]: (1) high internal luminescent quantum yield close to 
70~100%, which includes the transitions in the infrared region; (2) Stokes shift 
(distance between the prominent excitation and emission peaks) of the luminescence is 
large; (3) luminescent band is narrow; (4) photostability of rare-earth elements is high. 
Due to their rich and unique energy level structure, rare-earth ions are considered as 
promising candidates to realise efficient down conversion. In addition, they provide the 
capability of photon management when these “activators” are doped in the host material. 
Furthermore, their high photoluminescence quantum yield allows for an efficient 




2.8.1.2 Quantum dots and Organic dyes 
Quantum dots (QDs) are nanocrystals (particle size: 1~20 nm) in semiconductors 
which consists of 100~1000 atoms and they were firstly used in luminescent 
concentrators to replace the organic dye molecules. The exact shape and size of QD play 
an important role in determining many of its electrical and optical properties [79, 80]. 
Reduction of the size of QDs leads to an enlarged fraction of the total number of atoms 
on the surface and thus a high specific surface area. Hence, QDs usually possess a 
significant difference in physical and chemical properties compared to the bulk 
materials. In addition, the high specific surface area may cause poor luminescence 
properties since the surface-related non-radiative relaxation dominates in the strong 
confinement regime [72].  
The main advantages of QDs over organic dyes are as follows [78]: (1) Tunable 
absorption edge by changing their particle size; (2) They exhibit a broad absorption 
profile which covers the UV region; (3) They are inherently more stable than organic 
dyes can be kept constant throughout the decades; (4) High quantum yield with more 
than 80% at room temperature. Common QDs that used in DC and DS purposes are 
CdSe, CdS, Si-nC, ZnS and PbS where their excitation and emission bands are 
summarised in Table 2.4. 




However, the overlap of its absorption and emission band can result in significant 
photon re-absorption losses and thus decrease of the quantum yield, even if this can be 
minimised by spreading the particle size. Furthermore, some QD elements such as lead 
and cadmium in CdS and PbS are toxic and therefore has to be considered. In addition, 
most importantly, QDs are substantially more expensive in comparison with organic 
dyes [78]. 
QD Excitation λmax (nm) Emission λmax (nm) 
Si-nC [81] 300 - 500 700 - 900 
CdSe/ZnS [82] 220 - 620 470 - 620 
CdS [83] 300 - 480 430 - 600 
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The application of organic dyes as luminescent layers to improve the UV response 
of single-junction solar cells was firstly proposed by adding fluorescent organic dyes to 
GaAs and amorphous silicon (a-Si) solar cells. An absolute efficiency gain of 2% was 
observed for the GaAs while minor enhancement in the case of a-Si. This can be further 
improved by minimising the reflections losses in near infrared regions [84]. Nowadays, 
organic dyes possess relatively high absorption coefficients, close to unity quantum 
yield (90~100%), and are easy to process in polymeric matrices (such as, e.g., PMMA) 
[85]. Organic dyes incorporated into polymeric host are efficient DS layers when 
integrated to various types of solar cells such as mono/poly-Si, a-Si, GaAS, CdTe, CIGS, 
and DSSC. Table 2.5 shows the luminescent properties of some common commercial 
organic dyes that are frequently used as down-shifting layers. 
Table 2.5. Commerical organic dyes used as down-shifting layers. 
 
However, the main drawbacks of dyes are their limited life time. An investigation 
of commercial Violett 570 dye has proved that the luminescent intensity of 
PMMA-doped dye sample reduced by 50% from its initial value after exposure for two 
years [88]. Apparently, this would not cover the initial power of silicon solar cells (in 
the warranty period of 25 years). Therefore, to efficiently convert solar energy into 
electricity, high chemical stability to UV irradiation and long degradation period are 
both need to taken into consideration. 
2.8.2 Optical path length enhancement 
The diffusion length in a solar cell, as described earlier in section 2.6, is important 
for the collection of minority charge carriers. Low diffusion length would result in 
insufficient absorption of light, especially at the long wavelength of solar spectrum. 
However, only making the solar cells to be thicker is not enough in addressing the 
Organic Dye Excitation λmax (nm) Emission λmax (nm) Quantum yield (QY) 
Lumogen®F V570 [86] 378 413 >85% 
Lumogen®F O240 [86] 524 539 >90% 
Lumogen®F R305 [86] 578 613 >90% 
Sumipex 652 [87] 470 520 >91% 
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collection losses. An alternative way is to geometrically increase the length of path 
where light travels inside the semiconductors.  
 
Figure 2.24. Sketch showing the optical path length enhancement in a silicon solar cell obtained by 
decorating metallic nanoparticels at the cell’s surface. Light is directed at an angle away from the normal 
(red versus butter). A transparent dielectric spacer layer is placed between the metal particles and the 
silicon surface. 
 
As shown in Figure 2.24, if the incident light could be scattered through the silicon 
at a higher angel (red) than normal (butter), the internal reflectance at bounding 
interfaces would increase, meanwhile, the transmission coefficient of the absorber layer 
would significantly reduce, thus effectively trapping the light. This could be achieved 
by incorporating metal nanoparticles into the solar cells, taking advantage of their 
unique localised surface plasmon resonance (LSPR) characteristics. When light hits a 
metal particle which the size is much smaller than that wavelength, the free electrons on 
its conduction band will move away from their atomic nucleus, which in turn creates an 
opposing electromagnetic field for the oscillating electrons. Such oscillations are 
maximised when the frequency of light matches the inherent oscillating frequency of the 
nanoparticles. It is in this process that metallic nanoparticles (NPs) could effectively 
couple and trap freely propagating waves by folding the light into high angles, and 
therefore, contributing to the light harvesting. The light scattering effects depend largely 
on the selected plasmonic metal NPs, their shapes, and sizes, as well as their host 
dielectric environment [89].  
For obtaining high efficiency crystalline silicon cells, it is essential that a thin layer 
of dielectric film be inserted on the silicon surface to suppress the recombination of 
photogenerated carriers and improve the devices electric properties [90]. Moreover, the 
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thin dielectric spacer layer between the p-type silicon and metal particles not only 
contributes to the minimisation of parasitic plasmonic absorption of infrared light in the 
metal layer, but also helps to elongate the internal optical path length in the device [91]. 
Such effective interface passviation is usually achieved by dielectric materials like 
silicon nitride, silicon oxide and aluminum oxide owing to their moderate index values 
and dielectric properties [12]. 
In addition to LSPR, surface texturing has been regarded as a commonly used 
solution in reducing the reflection losses for different optoelectronic devices. Texturing 
on the front surface of solar cells enables multiple reflections to occur at the silicon 
surface, and therefore it can increase the probability of light absorption. On the other 
hand, it provides the benefit of elongating the optical path of light due to the variation in 
the angle of incidence where light strikes the cell, as can be seen in Figure 2.25.  
 
Figure 2.25. Sketch showing the comparison of surface reflection between a flat (left) and a textured 
silicon substrate with pyramidal like shape (right). In case of textured surface, light is multiply reflected, 
improving the chances of being internally refracted. 
Additionally, it could also compensate for the collection losses caused by the low 
diffusion length since the refracted photons which inside the silicon will propagate at a 
certain angle, resulting in being absorbed closer to the junction, and thus effective 
collection of minority charge carriers [92]. 
For most of single and polycrystalline silicon solar cells, the textured surface can be 
created in a number of techniques such as mechanical grooving [93], laser sculpturing 
[94], wet chemical and plasma etching [95]. Among them, wet chemical etching is by 
far the most frequently used method which requires etching along the faces of the 
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silicon crystal planes, creating random pyramids with a slope angle of 55º [96]. 
2.8.3 Anti-Reflection 
The contrast of refractive indices between two different media would result in 
partial reflection of light at the interface. For a bare flat silicon surface with refractive 
index of 3.4, around 40% of incident light from the solar spectrum is reflected back to 
the air, and be lost. Typically, applying a thin film of dielectric material that exhibit high 
transparency, low absorption coefficient, and an intermediate index value on the front 
surface of silicon solar cell could effectively suppress the Fresnel reflection loss. Such 
coating is referred to as the anti-reflection coating (ARC), which has been used 
comprehensively in the domain of high-accuracy optical components, solar cells, 
scanner and camera lenses, in attempts to improve the optical transmittance. ARC in 
combination with surface texturing (see Figure 2.20) are expected to achieve an overall 
reduction factor of 10 [16]. 
Figure 2.26 shows the reflection mechanism of a single-layer of transparent ARC on 
a typical silicon solar cell. Whenever the thickness of the thin layer “d1” is equal to a 
quarter of the incoming light “λ”, the reflection waves from the top (R1) and bottom (R2) 
sides of the coating will destructively interfere and offset each other as they are 
“out-of-phase”. As a result, light is completely refracted into the silicon which 
contributes to a zero reflected energy.  
 
Figure 2.26. Sketch showing the destructive interference occurred in a quarter-wavelength anti-reflection 
coating on a flat silicon solar cell. The two reflected waves with same frequency and amplitude cancel 
each other which enable more coupling of light. 
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The main idea of anti-reflection coatings (ARCs) for photovoltaic application is to 
reduce the reflection while improving coupling of light, in this case, the optimal 
thickness is pivotal in maintaining the anti-reflection effects along a certain region of 
the spectrum as well as yielding destructive interference in light reflected from the 
different refractive index layers. For a quarter-wave ARC with a refractive index n1, and 
incident light with wavelength λ, the thickness which corresponding the minimum 
reflection is given by [97]: 
d1 = 
 
    
                       (2.22) 
Since the light shows peak power of solar spectrum at wavelength close to 600 nm (see 
Figure 2.3), the optimum thickness of ARC with index of 1.9~2.1 is desired to be in the 
range of 70~80 nm, which gives the reference for solar cell design. Furthermore, to 
obtain the minimum reflection in a typical single-layer ARC, the refractive index (RI) of 
antireflective material should be equal to the square root of refractive indices of the 
materials bounding the coating, which can be expressed by: n1 =        , In our case, 
n0 and n2 represent the indices of air and silicon respectively. However, the performance 
of a single-layer coating is constrained by the reflection of normal incident of single 
wavelength. Greater reduction is commonly achievable when two coating layers are 
introduced as it enhances the destructive interference and thereupon a further reduced 
reflectance can be obtained through the extra reflectance minima [98]. For scenarios 
like this, the refractive indices for the top and bottom antireflective materials should 









                    (2.23) 
where nsi and n0 represent the refractive indices of silicon (nsi ≈ 3.4) and the ambient 
media respectively. In case of double layer anti-reflection coating (DLARC) in the air 
(n0 ≈ 1), the most suitable refractive indices for top and bottom layers are ntop = 1.58 and 
nbot = 2.49. Hence, based on this principle, it is an accepted approximation that SiO2 and 
TiO2 (anatase) are the most desirable anti-reflective materials owing to their 
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close-matching refractive indices (nTiO2 ≈ 2.3 and nSiO2 ≈ 1.5) and these two typical 
anti-reflective light harvesting candidates will be described in more details in this 
section.  
General techniques for vacuum deposition of silicon dioxide ARCs include thermal 
evaporation, liquid phase deposition, reactive sputtering, and plasma-enhanced chemical 
vapour deposition (PECVD), which are expected to produce homogeneous films with 
uniform thickness as well as to provide the possibility of deposition at low temperature 
(300~400 ºC) that could largely reduce the degradation of solar cells metal contacts and 
contamination caused by impurities [99]. 
2.8.3.1 Silicon oxide ARC and related work 
Silicon nitride (SiNx) is frequently used as a standard ARC layer that deposited on 
commercial silicon solar cells by low-temperature PECVD method. This is attributed to 
its conjunction effects of both optical and electronic properties that contribute to 
maximising the photo-generated current within the silicon substrate and reducing carrier 
recombination at the surface of the silicon solar cell, as a result of enhancement in 
conversion efficiency [222]. However, it has the drawback of narrow wavelength range 
for visible light absorption with its spectral operating capability limited to only UV 
region, and thus mediocre energy performance in silicon solar cell. To address this 
weakness, a double ARC is applied to the solar cell by using silicon oxide [223]. 
The integration of silicon oxide/silicon nitride onto the solar cell surface is a more 
promising scheme for substantial efficiency gains due to the advantages of surface 
passivation, broader light absorption range and lower surface reflectance in comparison 
with that of a single layer ARC. Moreover, it is reported that silicon oxide thin film 
possesses the potentiality to be served as a dual-functional ARC and down-conversion 
layer on the solar cells due to its intrinsic optical property of absorbing ultraviolet 
radiation and re-emitting the energy as red light (635~700 nm) where the silicon solar 
cells exhibit robust spectral response [224]. 
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The implement of fabricating low-cost effective crystalline silicon solar cells 
requires new technological schemes such as the use of safer process and maintaining 
low processing temperature (300~400 ºC) since these could ensure the diffusion of 
dopant in the semiconductor is minimised to create “shallow junction”. In addition, 
high-temperature processing (reaching up 1000 ºC) consumed much resource (silicon 
substrate) and can easily induce product defects such as crystallographic damages, 
degradation of metal contacts and contamination due to the impurities diffusion whereas 
all of these defects can be largely avoided by using a low-temperature deposition 
method. Various deposition techniques can be used for silicon oxide deposition which 
includes Chemical Vapour Deposition (CVD), Liquid Phase Deposition (LPD), reactive 
sputtering and spin-on glass, etc. Among them, CVD is a superior approach due to its 
unique versatility, possibility of deposition at low temperature (< 275 ºC) [225]. 
Silane has a long history of use as the raw materials for preparation of silicon thin 
films by using PECVD systems [226]. However, considering its toxicity and pyrophoric 
nature that can generate an explosion hazard particularly in mass manufacturing 
processes which require considerable amount of silane gases for storage, it is currently 
replaced by another alternative organosilicon, like liquid/vapour-phase TMS [228]. 
Research done by Cojocaru et al. indicated that the tetramethylsilane is a suitable 
candidate for the source of silicon in replacing the silane gas in the photovoltaic cell 
manufacturing processes due to its high stability, non-pyrophoric and volatile at room 
temperature. In addition, it has the advantage of reducing fabrication cost as there is no 
requirement for introducing extra heating instruments to obtain vapour flows due to its 
high vapour pressure (11.66 psi at 20 ºC) [227]. 
Kim et al. reported a successful fabrication of double layer of SiNx/SiO2 ARC for 
reducing the Fresnel reflection from the surface of mono-crystalline silicon solar cell 
through PECVD method. Experimental results showed that the optimal design by 
depositing a double layer ARC on the solar cell surface contributed to a maximum 
absolute enhancement of 0.31% in conversion efficiency as compared to the efficiency 
gains (0.12%) that obtained from a single ARC with SiNx [222]. 
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2.8.3.2 High surface area of TiO2 ARC 
Titanium dioxide (TiO2) is one of the transition-metal oxides, which has been 
extensively studied in the last two decades owing to its unique optical and dielectric 
properties. TiO2 (especially anatase phase) exhibits good reactivity under ultraviolet 
(UV) light, optical refractive index (1.8~2.9), low fabrication cost, excellent chemical 
resistance to the majority of the chemicals used in PV industry, which make it an 
attractive option for being employed as a cost-effective ARC to suppress the Fresnel 
reflection and more importantly, the poor response of silicon solar cell in the UV-blue 
spectral range [98,121].  
 
Generally, the photocatalytic performance of TiO2 depends strongly on its phase 
structure, specific surface areas, grain size, and pore structure [128]. Comparing with 
other two polymorphs (rutile and brookite) of TiO2, anatase TiO2 has more surface 
defects that can be served as shallow traps, which allows efficient inhibition of carriers’ 
recombination, thus gives superior photoreactivity and longer lifetime of photoexcited 
electrons and holes. In addition, anatase exhibits higher surface adsorption capability to 
hydroxyl groups due to its larger specific areas [125].  
Nanostructured TiO2 with high surface-to-volume ratio and porous structures opens 
up new possibility for light diffusion on the solar cell interface, which promotes rapidly 
the separation of charge carriers (photogenerated electron-hole pairs) at the surface of 
TiO2 NPs [128]. Furthermore, the porous structure and high surface area comparing to 
bulk materials allow multiple reflections of incident light and provide a good scattering 
effect, which enhances the optical path as well as light harvesting capability of TiO2 
across a broad wavelength range [144-147]. 
 
However, TiO2 has a wide bandgap of TiO2 (3.2 eV for anatase and 3.0 eV for rutile) 
and is able to only absorb UV region (<380 nm) of solar light.
 
For obtaining improved 
photocatalytic activity, it is necessary to extend the photoresponse of TiO2 from the UV 
to the visible range. In this case, a number of studies have been conducted, such as 
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doping blank TiO2 with transition metallic such as iron (Fe), manganese (Mn), 
chromium (Cr), and magnesium (Mg) [133-135, 138, 140,141] and nonmetallic 
elements (e.g., N, S) [135, 142, 143] into the TiO2 lattice, which could effectively 
improve the photocatalytic activity of TiO2 in both UV and visible regions. 
2.8.4 Other factors 
In addition to obtaining the RI matching for an anti-reflection layer, there are some 
fundamental criteria which have to be satisfied during the fabrication process [100]
 
1. Homogeneous layer of coating is required so that it could sustain the antireflective 
functionality over a broad spectrum of incident light. 
2. Omni-directional antireflection feature is provided by the coated layer, in order to 
optimise the photon absorption throughout the day. 
3. In regard to practical applications, the coatings are desirable to be mechanically 
robust and are able to withstand the environmental condition in which they were 
exposed. 
Above design concepts could help to improve the photovoltaic performance of 
crystalline silicon solar cells by addressing the limitations of current technology, which 
are the main scope of the conducted research. In addition, some factors that may 
contribute to increasing the collection probability of charge carriers and thus high 
efficiency are listed below [12]: 
 Selective-emitter (i.e. n+-layer for front contact while n-layer for active surface 
region; p
+
-layer for rear contact and p-layer for active surface). 
 Surface passivation (i.e. SiO2 coating on both front and rear surface of solar 
cell).  
 Thin metal finger or grid on the front side. 





In this chapter, detailed background in regard to the p-n junction photovoltaic solar 
cell operation and the parameters that affecting its conversion efficiency have been 
reviewed. Spectral mismatch and non-radiative recombination losses are still two of the 
major obstacles that crystalline silicon solar cells face today, which need a perspective 
of the current development concepts for enhancing their energy performance. 
Antireflection coating and spectral down-conversion through appropriate use of light 
harvesting materials are expected to provide effective solution of promoting the light 
absorption of silicon solar cells at both short and long wavelength bands in a low-cost 
manner. Under this background, a variety of potential oxide materials such as high 
surface area of TiO2-based nanoaerogels, SiO2 thin films, as well as the rare earth 
ion-doped gadolinium and alkaline aluminates phosphors will be comprehensively 
studied in this thesis, in order to identify their suitability for promotion of light 
absorption that contributes to photocurrent and efficiency enhancement of commercial 
silicon solar photovoltaic devices.  
The next chapter will introduce the equipments for solar cells characterisation 
where the function of particular devices, the experimental procedures as well as the 










Chapter 3 Characterisation of Crystalline 
Silicon Solar Cells 
The experimental processes executed in the laboratory for the fulfillment of this 
study were carried out at Brunel University London. This chapter describes in detail the 
methodology followed and moreover all the requisite equipments and instruments used 
to characterise the solar cells. The functions of corresponding apparatus in carrying out 
the experiments are also introduced. 
3.1 Solar Cells 
Photovoltaic solar cells used for the experimental procedure of this project are 
model XS156B3-200R and T6S-3A mono-crystalline silicon cells supplied by Motech 
Industries, Taiwan. The solar cells are made by cutting p-type (boron-doped) 
mono-crystalline silicon into wafers leaves with pseudo-square shape of 156 mm × 156 
mm ± 0.5 mm in size, and 200 ± 20 μm (± 30 μm for T6S-3A cell) in thickness. Then 
cleaning and texturing was separately done on the p-type silicon wafers through 
chemical etching using alkaline-based solutions in order to remove the unwanted 
particles and to reduce the surface reflection. The etching process forms anisotropically 
pyramid structures on the cell’s surface, which could scatter light inside the wafer and 
elongate the optical path length, thus improve light trapping. To create the p-n junction, 
the n-type layer was then formed on the p-type wafer using phosphorus diffusion 
technique where the phosphorus atoms are penetrated into the silicon wafer, making the 





” type of solar cell is currently being widely used because the 
n-type silicon gives superior surface quality. A critical step prior to the diffusion is the 
edge isolation where the edge and backside of the silicon wafer are masked by a diffuse 
barrier paste so as to isolate the unwanted diffusion.  
The specifications and features, as well as the electrical parameters of the 
under-study monocrystalline silicon solar cells are shown below in Figure 3.1 and 
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summarised in Table 3.1 respectively. At the front surface of solar cell, the metal contact 
is formed by a 3-stripe silver bus bar and each bar has a dimension of 1.4 mm in width 
(1.5 mm for T6S-3A cell), while the back surface is entirely covered by aluminum 
where 3 discontinuous silver soldering pads were attached, each of which has a width of 
2.5 mm (1.9 mm for T6S-3A cell). In addition, dark silicon nitride (SiNx) anti-reflection 
coatings (ARCs) were deposited on the front-textured surface by low pressure 
plasma-enhanced chemical vapour deposition (PECVD) method with an average 
thickness of ~ 80 nm. Such design is determined from the derivation of “a quarter-wave 
ARC equation” (Equation 2.22) as introduced in the previous chapter where for 
obtaining the destructive interference and thus minimum reflection on the silicon cell 
surface at peak solar power wavelength (λ) around 600 nm, the desired ARC thickness 
(d) with average refractive index (n) of 1.9 can be expressed by: d = λ/4n ≈ 80 nm. 
 







Table 3.1. Electrical parameters of the under-study mono-Si solar cells, provided from Motech 
manufacture. 














XS156B3-200R 19.2 4.59 8.99 641 79.65 -0.33%/ºC -0.41%/ºC 
T6S-3A 19.8 4.73 9.30 646 78.73 -0.32%/ºC -0.43%/ºC  
 
3.2 Solar Cells Preparation 
3.2.1 Solar Cells Cutting 
For experimental purposes, the solar cells were split into three equal parts (15.6 cm 
× 5.2 cm) using a direct current (DC)-power CO2 laser cutting-engraving machine 
(TMX90, CTR, UK). Solar cells that were cut into smaller sizes could provide 
convenience for certain types of experiments, e.g., in case of cells coating and annealing, 
a limited size of sample is required to be placed inside the chamber. Secondly, 
additional cells could serve as backups since they are fragile, and thus are easily cracked 
during handling and operating process of experiments. Thirdly, the additional cells can 
be used to calculate the standard error for each case of initial experiment so as to 
increase the data accuracy. 
The DC laser cutter (as shown in Figure 3.2) is equipped with a sealed electronic 
water cooling unit fitted with a circulating fan which cools the air around the water 
cooler to help control the cooling temperature. During the cutting process, the solar cells 
were placed on the working area of a wooden plate which situated on the knife-edge bar 
bed of the laser cutter (see top right in Figure 3.2). The wooden plate has been 
previously engraved with a pattern based upon the dimension of solar cell, in 
convenience for tracing the working area, thus ensuring an accurate cutting. Under a 
100 W laser power, the beam was directed to the cutting head by a mirror where a lens 
focuses it to a single red spot with a diameter of 0.1 mm. The spot was finally focused 
onto the surface of solar cell with a power density of 125 W/mm
2
. Subsequently, the 
fume of the laser is shut and the laser beam starts moving along the cutting path that 
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designed by its build-in version-5.3 Easy cut software (see bottom left in Figure 3.2). 
The beam speed is set to 10 mm/s during the whole cutting process.  
 
Figure 3.2. TMX90 Laser cutter (Top left), solar cell layout on the working area of wooden plate (Top 
right), setting up process in computer (Bottom left), and the comparison of solar cell before and after 
cutting (Bottom right). 
3.2.2 Solar Cells Soldering 
Solar cell soldering is a critical step to ensure an accurate characterisation of the 
cell’s electrical performance. The soldering process is carried out by using an AT60D 
digital soldering station (TENMA, UK) fitted with a plug-in soldering iron and a control 
panel (see top left in Figure 3.3) which provides adjustable heating temperature range of 
150 to 450 ºC. The tabbing wire (Ulbrich Solar Technology, Inc, USA) has a dimension 
of 1.4 ± 0.08 mm in width, and 0.1 ± 0.008 mm in thickness, with all sides coated by 
leaded solder alloys in which its chemical composition and physical properties are 




Figure 3.3. Photographs showing the manual soldering process with corresponding soldering components. 















Tin (Sn) Lead (Pb) Silver(Ag) 
percent by Mass (%) 
 




Colour Silvery grey 
Melting Point (ºC) 183 ºC (solder alloy) 
Electricity Resistivity (μΩ·cm) 10-15 
Yield strength (MPa) 
 
< 90  
Tensile strength (MPa) 
 







The following procedure was performed during the soldering process: 
 The tabbing wires were cut into 5 cm for each soldering. 
 Applying flux on the silver bus bar and silver pad at the front and rear surface 
of the solar cell respectively by using a resin flux pen in order to provide better 
soldering effect. 
 The soldering iron was heated up to 250 ºC so as to melt partially the tabbing 
wire onto the solar cell while elevated soldering temperature could induce 




 Holding the wire down and pulling the soldering iron along the tabbing wire 
with adquate force. Repeating this process for the back surface soldering and 
then two tabbing wires were soldered onto the surface of solar cell, one at the 
front and the other at the rear, which represent negative and postiive polarities, 
respectively. 
3.3 Electrical Characterisation 
Photovoltaics current-voltage (I-V) characteristics measurements were performed 
by illuminating an effective surface area of the monocrystalline solar cells using a Trisol 
TSS156 Class AAA xenon flash solar simulator (OAI, USA).  
 
Figure 3.4. Sketch showing the experimental set-up of I-V electrical characteristics measurement. 
As it is shown in Figure 3.4, the experimental set-up is to simulate the standard test 
conditions (1000 W/m
2
, 25 ºC) where the solar cells are connected to an electrical 
source meter and a temperature monitor that operated by a terminal computer. The solar 
simulator is capable of providing a constant simulation from the sunlight and the 
characterisation can be done much more quickly since it is independent to the 
environmental conditions.  
The illumination source of the simulator was a 1000 W arc xenon lamp which 
offers high intensities and an unfiltered spectrum (400 to 1100 nm) similar to the 
sunlight. The spectrum produced from the solar simulator and the standard AM 1.5G 
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solar spectrum are shown below in Figure 3.5. In addition, a comparison of spectral 
irradiance distribution between the OAI simulator and the International Electrotechnical 
Commission (IEC) 60904-9 standards is given in Table 3.3. 
 
Figure 3.5. The irradiance spectrum of a Trisol TSS 156 Xe flash solar simulator. For comparison, the AM 
1.5G spectrum is also plotted. 
Table 3.3. Comparison of spectral irradiance distribution in percentage (%) between the OAI simulator 
and the global reference IEC 60904-9 [105]. 
Wavelength range (nm) 
Percentage of total irradiance in the 
wavelength of 400-1000 nm (%)  
IEC60904-9 (%) [89] 
400 - 500  18.5 18.4 
500 - 600  20.1 19.9  
600 - 700  18.3 18.4  
700 - 800  14.8 14.9  
800 - 900  12.2 12.5  
 900 - 1100  16.1 15.9  
 
Prior to the measurement, the solar simulator was calibrated by a flash power meter 
incorporated with a National Renewable Energy Laboratory (NREL) calibrated 
KG-filtered Si solar reference cell (20 mm × 20 mm), in order to simulate the one-sun 
illumination at light intensity of 1000 W/m
2
. The illumination intensity was also 
confirmed by a standard pyranometer (CMP3, Kipp & Zonen, Netherlands) with 
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operating spectral range of 300 to 2800 nm. A photograph of the reference solar cell and 
pyranometer used for the calibration is shown in Figure 3.6.  
 
Figure 3.6. Calibration of the solar simulator. Inset images show the clear version of the pyranometer (left) 
and reference solar cell (right) which was encased in a metal enclosure with a protective optical filter 
glass window. 
The measurement of photocurrent follows the method which employs the source 
measure units (SMUs) to provide a precise sourcing of current and simultaneously 
recording the resulting current, and vice versa. In these particular experiments, the solar 
cells are connected to a Keithley source-meter, model 2601B, USA, with embedded TSP 
Express software. By sweeping the voltage across the solar cell’s electrodes (typically in 
the range from -1 to 1 V), the current density-voltage (J-V) characteristics of the devices 
can be obtained for further analysis.  
To ensure a minimum variation of irradiance over the illuminated area, and to 
facilitate such a situation when coating materials is applied on partial surface of the 
solar cells, a mask template was employed. During the electrical measurement, the 
uncoated and coated part of each solar cell was covered by an artificially designed plate 
that made of acrylic materials, with a circular hole (hole diameter = 33.00 ± 0.053 mm) 
to determine an illuminated surface area of about ~ 8.553 ± 0.027 cm
2
.  
Experimental set-up of electrical testing is shown below in Figure 3.7 (left) where 
the solar cell is masked, with only an effective area exposed to light. The diameter of 
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the hole is obtained by measuring the distance of straight light with various orientations 
which pass through the radius centre of the circle (see right in Figure 3.7), using an 
electronic digital caliper (RS Pro, UK), and the measured dimension data are 
summarised in Table 3.4.  
 
Figure 3.7. Photograph showing the experimental set-up of I-V measurements where the tested cell is 
masked by an artificially designed plate (left), and a sketch showing the clear version of the mask (right). 
 
Table 3.4. Dimension data of the circular hole. 










8.589 8.537 8.527 8.558 8.553 0.027 0.32% 
 
Temperature measurements were carried out on the illuminated solar cells where a 
thermocouple is in contact with the back surface of the cell. The data was recorded and 
analysed by a thermocouple data logger with a USB port that connected to a computer. 
The operating principle of the thermocouple follows the thermoelectric effect, in which 
the temperature difference is occurred at the hot and cold junctions of two different 
types of metal wires that are joined together. As a result, a voltage is created at the 
junction ends, which is used to represent the temperature [106].  
In this particular experiment, the type K thermocouple (SE001, Pico technology, 
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UK) is used, which is composed of the chromel/alumel alloys, with a tip diameter of 1.5 
mm and temperature measuring range of -60 to 350 ºC. The tolerance over this range is 
± 1.5 ºC, within that of the American Society for Testing Materials (ASTM) standards in 
which the limits of error for type K thermocouples is ± 2.2 ºC [107]. The USB TC-08 
data logger (Pico technology, UK) has 8 independent units of input channels which are 
compatible for different types of thermocouples. An integrated data acquisition system 
for temperature measurement in this study is illustrated below in Figure 3.8. 
 
Figure 3.8. Flow diagram of the data acquisition system for temperature measurement. 
To reduce the measuring error which caused by the errors from thermocouples and 
extension wires, as well as the data logging device, and thus to obtain accurate reading 
from above temperature acquisition system, the data logger was previously connected to 
an OMEGA model CL3512A temperature thermometer/calibrator (OMEGA 
Engineering, USA), as shown in Figure 3.9 where it provides precise simulations of 
voltage signals for different types of thermocouples (K/J/T/E) in terms of the standard 
ASTM specifications. Furthermore, the calibrator is cold-junction compensated for the 
varying ambient temperatures at junctions and the operating range is 0 ºC to 50 ºC, with 




Figure 3.9. Calibration of thermocouples and data logging device. 
Calibration of thermocouple was done by creating a 9-point calibration curve across 
the temperature range of 10 ºC to 50 ºC. This process includes cooling water down to 10 
ºC in a water bath. Next, one junction of the thermocouple is placed into the bath and 
then the voltage can be recorded once the reading on the calibrator is stable. The voltage 
is recorded again when water is heated to 15 ºC. By repeating this process with five 
degree increments for each set of recordings until the temperature is reached to 50 ºC, 
the voltage for the thermocouple at room temperature can be determined, and then the 
calibration curve can be obtained by using a curve-fitting method based on the recorded 
voltage values.  
Figure 3.10 shows the calibration curves for the thermocouples in which each point 
is obtained by calculating the mean value from 5 readings of each set of recordings. In 
addition, the reciprocal slope of the curve which represents the voltage increase per 
degree of temperature increase is shown in inset. The detailed calibration data is 




Figure 3.10. Calibration curve for the thermocouple. 
Table 3.5. Calibration data for type K thermocouple used in this work. 
The “Ref” represents the reference temperature recorded from the calibrator in degree Celsius (ºC), the 
“Res” is the input voltage response from the pico-data logger in mV. 
Since the solar cells were cut into three equal sizes prior to the layer coating process, 
it is possible that there might be little performance degradation. For this reason, all the 
devices were previously measured and compared on the same surface of both entire and 
laser cut cell, and the tested results show insignificant variation in electrical 
characteristics.  
Figure 3.11 compares the J-V curves of as-used mono-Si solar cells before and after 
laser cutting, the corresponding electrical characteristics that were obtained are 













































10 -0.577 -0.579 -0.576 -0.580 -0.579 -0.578 0.00164 0.040 0.40% 
15 -0.376 -0.380 -0.379 -0.381 -0.378 -0.379 0.00192 0.047 0.31% 
20 -0.169 -0.170 -0.170 -0.171 -0.173 -0.171 0.00152 0.037 0.19% 
25 0.030 0.028 0.031 0.032 0.030 0.030 0.00148 0.036 0.15% 
30 0.230 0.233 0.231 0.234 0.230 0.232 0.00182 0.045 0.15% 
35 0.436 0.434 0.433 0.435 0.436 0.435 0.00130 0.032 0.09% 
40 0.643 0.645 0.644 0.642 0.643 0.643 0.00114 0.028 0.07% 
45 0.843 0.846 0.841 0.842 0.845 0.843 0.00207 0.051 0.11% 
50 1.048 1.050 1.051 1.049 1.055 1.051 0.00270 0.066 0.13% 
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summarised in Table 3.6 and 3.7 respectively. It can be seen that all the cut cells 
exhibited negligible changes in both Jsc and Voc. Other parameters such as Pmax, FF, and 
power conversion efficiency (PCE) also show marginal fluctuations compared to those 
of cells before cutting. Therefore, the cutting does not affect the energy performance of 
tested cells.  
 
Figure 3.11. J-V characteristics of (a) XS156B3-200R and (b) T6S-3A mono-Si solar cells before and 

























Cell NO.1  36.59 599.1 0.1348 71.91 15.76 
Cell NO.1 (cut) 36.59 599.1 0.1349 71.93 15.77 
Cell NO.2  36.50 597.6 0.1342 71.90 15.70 
Cell NO.2 (cut) 36.47 598.0 0.1341 71.90 15.68 
Cell NO.3  36.63 600.3 0.1352 71.92 15.81 
Cell NO.3 (cut) 36.61 599.0 0.1349 71.85 15.78 
 
 




















Cell NO.1  37.85 604.6 0.1405 71.81 16.43 
Cell NO.1 (cut) 37.78 604.7 0.1403 71.80 16.41 
Cell NO.2  37.94 605.4 0.1412 71.88 16.52 
Cell NO.2 (cut) 37.87 604.9 0.1408 71.90 16.47 
Cell NO.3  37.82 603.5 0.1402 71.81 16.40 
Cell NO.3 (cut) 37.91 603.8 0.1407 71.89 16.46 
 
In addition to the photovoltaic I-V measurement, the photon-electron generation 
performance of mono-Si solar cells before and after coating was also evaluated through 
the characterisation of external quantum efficiency (EQE) response.  
EQE measurements were carried out by using a monochromator-based solar cell 
response system (Bentham PVE 300, UK) incorporated with BenWin+ control software, 
as shown in Figure 3.12. The light source of the monochromatic probe consists of a 75 
W xenon lamp and a 100 W quartz halogen lamp, which covers a broad spectral range 




Figure 3.12. Bentham PVE 300 monochromator-based solar cell response system. 
 






Figure 3.13 shows the experimental set up where a cut cell is placed on a 200 mm × 
200 mm vacuum mount which allows controlling the temperature in the range of 15 to 
65 ºC. The measurement is performed by shining a monochromatic probe beam onto the 
solar cell’s effective surface and registering the photocurrent generated as a function of 
wavelength. The external quantum efficiency, η, can therefore be determined directly 
from the following equation [109]: 
        η = 100 
     
   
                      (3.1) 
where P is the power in the beam, I is the generated current, Ev and e represent the 
photon energy and the charge of the electron respectively. The probe is characterised by 
using a silicon detector with known responsivity (A/W) to determine the beam power. 
The system has been previously calibrated with the National Metrology Institutes 
(NMIs) traceable calibrated photodiodes [110]. 
3.4 Materials Fabrication Machines 
In this section, the equipments used for the preparation of titanium dioxide 
(TiO2)-based nanoaerogel materials are briefly introduced. These equipments include a 
high-pressure compact stirred reactor that allows for the fabrication of nanomaterials 
with high specific surface area and porous structures and a chamber box furnace that 
used for corresponding thermal annealing process. 
3.4.1 High Pressure Compact Laboratory (HPCL) Reactor 
Fabrication of nanostructured TiO2-based aerogels materials was conducted using a 
Parr series 5500 autoclave high-pressure compact stirred reactor system (Parr 
Instrument Company, USA) in a laboratory fume hood. Figure 3.14 shows the exterior 




Figure 3.14. Digital graph of the high-pressure compact stirred reactor. 
The reactor is made from the standard type 316 stainless steel, with a vessel volume 
of 300 ml. The heating unit consists of an aluminum heater that is connected with a Parr 
model 4836 temperature/stirring controller (Parr Instrument, USA), and a thermocouple 
encased in a metal sheath extends directly into the vessel. At the neck of the reactor, 
inlet and outlet valves are interconnected for charging gas into the vessel and releasing 
gas from the reactor severally, where behind the valves, a variable speed motor drive is 
magnetically coupled to an internal stirrer shaft with attached impeller which forms an 
internal stirring system. The stirring speeds can be adjusted in the range of 0 to 1400 
rpm through the controller while the maximum allowable working pressures and 
temperatures, adhered to the American Society of Mechanical Engineers (ASME) 
design criteria, are restricted to 3000 psi (206.8 bar) and 225 ºC respectively [111]. 
3.4.2 Chamber Box Furnaces 
Thermal annealing and curing for resultant materials is performed by using a 
Linderberg/Blue M Moldatherm chamber box furnace (Thermo Fisher Scientific, USA), 
with a heating temperature range of 100º C to 1100 ºC. The furnace employs unique 
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insulation and heating element composites for minimising the temperature interference 
from the outer surface and thus maintaining uniform heat distribution within the 
chamber. Moreover, a PID (proportional-integral-derivative) control system is applied, 
which is capable of offering controlled heating-up rate so as to prevent the temperature 
overshoot, and thus to avoid thermal shock to the reactants. In addition, the air vent and 
inlet situated at the top and rear of the chamber could provide an insert-atmosphere 
exchange for particular annealing process. The experimental configuration in respect to 
the materials fabrication is shown in below Figure 3.15. 
 
Figure 3.15. Photograph showing the experimental set-up for materials fabrication where the furnace (at 
left) and reactor system (at right) are placed inside the laboratory fume hood. 
 
3.5 Instruments for optical characterisation 
After the anti-reflection coatings (ARCs) and luminescent phosphor layers were 
grown on the solar cells’ surface and then their properties were evaluated with different 
methods to characterise their optical behavior and functionality. This section introduces 
the equipments used for optical and ellipsometry measurements where the reflectance 
and absorption of mono-Si solar cells before and after coating, the transmittance, as well 
as the refractive index of the deposited films can be obtained for further analysis. 
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3.5.1 Ultra Violet (UV/Vis) spectrophotometer 
An optical spectrophotometer is mostly used for indentifying the substances in 
solution and producing spectral line through the measurement of light intensity over a 
particular portion of the electromagnetic spectrum. Generally, a spectrophotometer 
system comprises of four basic components, a light source, a monochromator, a detector 
and a data acquisition unit which is controlled by a terminal computer through 
proceeding specific software. To obtain the complete spectra in the UV/Vis range (190 
nm to 780 nm), double beam instruments are usually employed. 
In this study, the reflectance, transmission, and absorption spectra with regard to 
various types of substrates such as solar cells, quartz and glass slides that are with or 
without coating, are recorded by using a Lambda 650S UV/Vis spectrophotometer 
(Perkin Elmer, USA), which is shown in Figure 3.16. The spectrometer is equipped with 
a dual-beam system which allows a synchronous measurement of both reference and 
sample beams. Additionally, double holographic grating monochromators were 
assembled with spectral slit width down to 0.17 nm, which could ensure a high optical 
density for measured samples. The light sources for the spectrometer include a tungsten 
halogen bulb which could cover the spectral range of 330 to 900 nm, and a deuterium 
bulb for the UV region from 190 to 350 nm [112].  
 
Figure 3.16. Photograph of PerkinElmer Lambda 650S UV/Vis Spectrometer system. 
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Figure 3.17 shows the optical arrangements in the dual-beam spectrophotometer 
system. In a particular measuring process, a source of incoming light passes through the 
slit and is firstly split into single wavelength by the etched diffraction grating. Next, the 
light beam is divided into two paths by the half-mirrors. The path of partial selected 
beam is directed to the measured sample while the rest part travels through the reference 
object, and both reference and sample would be affected equally. Then, the intensity of 
two transmitted beams of light is recorded and measured by a high-sensitivity UV/Vis 
photomultiplier tube (R955, Hamamatsu, Japan). Data interpretation is performed by 
using PerkinElmer’s UV WinLab software which is controlled by a terminal PC 
computer. It is noteworthy that the obtained optical information is a relative value by 
dividing the light intensity to that of reference reflectance or transmittance spectra, and 
thus is presented in ratio while the absorbance is the difference in light intensity 
between the two transmitted light beams gathered previously.   
 
Figure 3.17. Optical layout of the dual-beam UV/Vis spectrophotometer. The optical path is highlighted in 
green lines [113]. 
Above technique follows the law of energy conversion and the energy balance for 
the incident light can be expressed as [114]: 
I0 = IA + IT + IR + IS or 1 = IA (%) + IT (%) + IR (%) + IS (%)        (3.2) 
This is because that the incident light with intensity of (I0) may be partially reflected at 
the optical interfaces (IR) of the measured specimen, or may be scattered into different 
directions (IS) when it is incident on the heterogeneous media, and absorbed (IA) in the 
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specimen, finally, the remaining part will transmit (IT) through the sample. 
3.5.2 Ellipsometry Measurements 
Ellipsometry is an optical technique for the investigation of most thin films 
dielectric and optical characteristics based on the variations of polarization on reflection 
of incident light at a particular surface. The refractive index, n, and extinction 
coefficient, k, can be calculated from the measurement of the ellipsometric angles “Ψ” 
and “Δ”, where “Ψ” represents the relative variation of amplitude and “Δ” is the phase 
shift between the p- and s-directions of the complex Fresnel reflection coefficients, at a 
given wavelength and incident angle of beam [115].  
In this work, the ellipsometry measurements were used to find out the refractive 
index “n” and the thickness “d” of the deposited thin films as these parameters affect 
directly the reflectance losses at the air/polymer interfaces, which in our case is crucial 
for optimising the optical path, and thus improving the light harvesting for the silicon 
solar cells. The instrument used is presented in Figure 3.18. Ellipsometry measurements 
were carried out by using a Rudolph Auto EL III null-seeking monochromatic 
ellipsometer (Rudolph Research, USA) equipped with a Helium-Neon red laser 
operating at wavelength of 632.8 nm and incident beam angle of 70 º ± 0.02 º [116].  
 
Figure 3.18. The Rudolph Auto EL III for ellipsometry measurements. 
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Figure 3.19 shows the configuration of the monochromatic ellipsometer. A null 
ellipsometer follows the principle, that it induces polarized light on a sample surface by 
rotating its polarizer, and then finds the intensity minimum by rotating the analyzer. 
After this, the azimuthal angles, the angle of incidence θ, as well as the ellipsimetric 
parameters such as Δ and Ψ, can be obtained for the derivation of the wanted n and d. 
For a single film that placed on the substrate (substrate-film-ambient system), the film 
thickness d can be expressed by the Maxwell equation [115]: 
d = 
λ
             θ  
                (3.3) 
where na and n1 represent the refractive index of transparent ambient and thin film 
respectively, θ denotes the angle of incidence, λ is the wavelength of incidence wave. It 
is worth nothing that the deposited film thickness is determined by a periodic function 




Figure 3.19. The configuration of the as-used null ellipsometer (top), and a schematic diagram showing 
its operating principle (bottom). The figure is reproduced from [115]. 
80 
 
To perform the measurement, the substrate should be reflective at wavelength of 
632.8 nm so that light beam would reflect back and induce the polarization ellipse in the 
electrical field. The substrates used were silicon wafers (Agar Scientific, UK) with an 
orientation of <101> and diameter of 3 inches (76.2 mm). These wafers were 
boron-doped (p-type) with resistivity in the range of 1 to 30 Ω∙cm. They are 407.5 ± 25 
μm in thickness with single-side polished and without a silicon oxide top coating. A 
photograph of the silicon wafer is shown in Figure 3.20. The deposited films were 
presumed isotropic and homogeneous for the ellipsometry measurement. 
 
Figure 3.20. The p-type silicon wafer used for the ellipsometry measurement. 
 
3.6 Materials characterisation instruments 
In this section, the instruments and methods that used to characterise the 
as-prepared powder samples in regarding to the TiO2-based nanoaergels and the 
terbium-doped gadolinium oxysulfide phosphor material are introduced in detail, which 
cover scanning electron microscopy, transmission electron microscopy, X-ray powder 
diffraction, photoluminescence spectroscopy, and the technique of nitrogen (N2) gas 
physisorption. 
3.6.1 Scanning Electron Microscope  
In characterising the morphologies of the powder samples and observing the 
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surface coverage and microstructures of the coated solar cells, an ultra high 
performance field emission scanning electron microscope (FE-SEM), model SUPRA 
35VP, ZEISS, Germany was used, which is shown in Figure 3.21. Comparing with a 
regular SEM, the tungsten filament for a FE-SEM that used to create the beam is more 
of a sharp in shape and an electric field is set to drive the electrons to the tip’s head, 
where they exit the tip through tunneling effect rather than a simple thermal process. 
Thus, in a FE-SEM, the electron beam is more powerful and it gives higher resolution 
and better quality of images [117].  
In ZEISS SUPRA 35VP, the microscope offers high-vacuum and variable pressure 
operating capability. The built-in Gemini optcial column in combination with a variable 
pressure operating system make it available for high resolution imaging and analysis of 
samples at both low and high beam current conditions without losing their natural state. 
The magnification range allows a large field of view at the lowsest magnification of ×15, 
whilst at higher magnifications, over ×200k for those specimens with nano-scale 
microstructures. In addition, the FE-SEM system is also incorporated with an integrated 
energy disperisve analysis X-ray spectroscopy (EDS) detector for analysing elemental 
composition and measuring coating quality. 
 
Figure 3.21. ZEISS SUPRA 35VP field emission scanning electron microscope. 
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Powder samples for SEM analysis were prepared with special handling for sample 
mounting where the detailed porcedure is descrribed as follows: A piece of double-sided 
sticky carbon conductive tape was cut and stuck to the pin mount specimen holder 
where the other side of the tape was gently pressed down by uisng a SEM mount 
tweezer to flatten the tape surface. Next, a small amount of powder was dispersed in 
isopropyl alcohol (IPA) by gental ultra-sonication. After removing the backing paper, 
spread a few drops of suspension on the surface of carbon tape using a transfer pipette 
and wait until it was dried for around 15 mins to give a cleaned and thin powder layer. 
 Preparation of solar cell samples for cross-section imaging is performed by cutting 
the coated silicon solar cell into small pieces (5 mm × 5 mm) using a low-speed saw 
with diamond wafering blade. The cut sample was then plasma cleaned for 5 mins using 
a Gantan Solarus plasma cleaner (Model 950, Gatan, UK), and then loaded into a SEM 
cross-section holder. 
Before being placed in the vacuum chamber, the samples were coated with gold 
using a Polaron sputter coater, model SC7460, UK, as shown in Figure 3.22, so as to 
create electrical conduction for better observation in SEM as well as to reduce the 
charging effect on the obtained SEM images. The coater is equipped with a peltier 
cooler which could minimise thermal damage onto the sample surface. The coating 
procedure is described as follow: 
 Ensure the leak valve is closed before placing the samples in the vacuum 
chamber, switch the argon gas regulator on and set the pressure at around 5-10 
psi (0.7 bar). 
 Shut the chamber lid and press the MANUAL button. Set the coating time and 
voltage to 30 seconds and 1.5 kV respectively before pressing the START 
SEQUENCE button to start the pump. 
 Wait until the chamber pressure fall to around 1 × 10-2 mbar and then operate 
the timer START button to start the coating in which the plasma is discharged 
and it will strike and deposite gold target material on the sample stage through 
83 
 
the sputtering process. 
 The coating process is completed when the END indicator lights up. Stop the 
vacuum pump by pressing and holding the VENT/STOP button, and the 
chamber will be vented to process argon gas. 
 Wait until the chamber is depressurised and then remove the coated samples. 
Shut the chamber lid and turn off the argon gas. 
 
Figure 3.22. Photograph of the Polarab sputter coater. 
3.6.2 Transmission Electron Microscope  
The structural features and catholuminescence properties of the synthesised powder 
samples were examined using a JEOL model JEM-2100 field emission gun transmission 
electron microscope (TEM) (as shown in Figure 3.23) equipped with a Gatan Vulcan
TM
 
cathodoluminescnece (CL) detector for imaging and spectroscopic purpose. This 
instrument used lanthanum hexaboride (LaB6) filament as the electron gun and a 
Schmidt-Czeny-Turner imaging spectrometer with back illuminated couple-charged 
device (CCD) camera (SC600, Gatan, USA) for collection of CL emission spectra. The 
microscope is operated in scanning mode with a spot size of 1.5 nm. TEM images and 




Preparation of TEM samples is described as follows: A tiny amount of powders 
were suspended in ethanol and gently ultra-sonicated to provide a single particulate 
dispersion. A droplet of the sample suspension was drop-cast onto carbon holey film 
support on copper 200-mesh grids (TAAB, UK). Excess fluid was wicked away using a 
small piece of filter paper, after which the samples were left to air dry in a laboratory 
fume hood. Once dried, the samples were plasma cleaned using a Gatan Solarus plasma 
cleaner (Model 950, Gatan, UK), and then loaded into a Vulcan-CL TEM holder.  
 
Figure 3.23. JEOL JEM-2000F scanning transmission electron microscope. 
 
3.6.3 X-Ray Powder Diffraction 
X-ray powder diffraction (XRPD) is used to identify the crystalline phases of the 
synthesised powder samples. In this study, the diffraction patterns of the TiO2-based 
nanomaterials and phosphor materials were performed using a Bruker D8 Advance 
X-ray powder diffractometer, as shown in Figure 3.24, fitted with a copper source and 
LynxEyeTM silicon strip detector. The diffractometer was previously calibrated using 
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an aluminium oxide line position standard from Bruker and LaB6 National Institute of 
Standards and Technology Standard Reference Material (NIST SRM) 660a line profile 
standard. The emission of the nickel filtered copper source (CuKα = 0.154 nm) and 
therefore the instrumental line broadening was determined by fitting the NIST standard 
using the Bruker’s Total Pattern Analysis Solution (TOPAS) version III rietveld 
refinement software. The estimated crystallite sizes, lattice parameters, and inter-planar 
spacing of the synthesised samples were calculated using the TOPAS 5 software 
package of Bruker.  
Preparation of all the powder samples were carried out by filling and pressing the 
powder from the middle of the XRD sample holder until a flat surface is formed where 
the surface level is flush with the upper edge of the holder groove, which can be seen 
from the inserted images of Figure 3.24. All of samples were scanned over the Brag 
angle (2θ) range from 10º to 100º for 35 minutes in step scan mode. 
 
Figure 3.24. Bruker D8 Advance X-ray powder diffractometer. Inset photographs show the standard XRD 
sample holder with and without powder sample. 
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3.6.4 Photoluminescence spectroscopy 
In present work, the photoluminescence (PL) spectroscopy is used to investigate the 
luminescence properties of the rare earth doped phosphor materials where the PL and 
photoluminescence excitation (PLE) spectra can be obtained for further analysis. 
The measurements were carried out by using a Bentham Instruments 
dual-monochromator system (Bentham M300, UK) incorporated with BenWin+ 
software (see Figure 3.25). Emission spectra were recorded from 300 nm to 800 nm 
with step size of 1 nm using 254 nm UV light as exciting source, while the excitation 
spectra were recorded by monitoring the corresponding dominant emission peak.  
 




3.6.5 Nitrogen (N2) gas physisorption  
Physisorption can be described as the physical bonding of gas molecule to the 
surface of adsorbents that is driven by the Van der Waals forces in which an adsorbable 
gas (also referred to as “the adsorptive”) is brought in contact with the surface of a solid 
or liquid at low temperature conditions. It is widely used for the surface and textural 
characterisation of nanoporous materials.  
In this work, the specific surface area and pore diameter of synthesised TiO2-based 
aerogel nanomaterials were measured from the adsorption isotherm of nitrogen (N2) gas 
physisorption by using a Novatouch model LX (Quantachrome Instrument, USA) 
surface area and pore size analyser (see Figure 3.26) incorporated with TouchWin
TM
 
software for data acquisition and reporting. Additionally, the sample cell employs filler 
rods with coolant level sensor which can minimise the cold zone volume by pushing 
liquid nitrogen up to warm zone where the coolant will evaporate soon, thus increasing 
the data accuracy. This nanometric instrument provides also low surface area 
capabilities with a lower limit of 0.01-m
2
/g, and a broad pore size measuring range of 
0.35 to 500 nm [118].  
 
Figure 3.26. NOVAtouch surface area and pore size analyser [118]. 
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For N2 physisorption measurements, the samples were firstly degassed at 80 ºC 
under vacuum for 8 hours and a further 4 hours at 100 ºC under vacuum immediately 
prior to analysis. The internal volume of the measurement zone (also referred to as the 
“free space”) was measured at the start of analysis with helium gas (99.9995% purity) 
and equilibration time was 5 seconds throughout. N2 adsorption and desorption isotherm 
were analysed at 77.4K (-196.5 ºC) such that a nominal 40 adsorption data points and 
25 desorption data points were collected.  
The BET surface area was obtained by using the Brunaur-Emmett-Teller equation 
to a relative pressure (P/P0) range of 0.1 to 0.3 of the adsorption isotherm such that BET 
dimensionless constant (C) values were positive and the correlation coefficient 
exceeded 0.999. The pore diameter is determined from the adsorption branch of 
isotherm by applying a density functional theory (DFT) model. The pore volume was 
assessed by the amount of N2 adsorbed at the highest relative pressure (P/P0) of ~ 0.95. 
3.7 Differential Scanning Calorimetry 
Differential Scanning Calorimetry (DSC) is a thermo-analysis technique which 
aims at studying the variations or changing regularity of the difference in the heat flow 
rates of the sample in comparison to a reference sample as a function of temperature 
under linear heating or cooling conditions. By measuring the amount of heat that 
adsorbed or released during such thermodynamic transition process, both physical 
changes and chemical reaction within the sample can be investigated [119].  
DSC measurement in this work was used in characterising the curing process of 
EVA that served as the binder and matrix material for the integration of composited 
layer onto the solar cells surface. The aim is to determine the curing temperature that 
enhances the optical properties and thermal stability of the EVA polymeric material that 
contributes to improving the energy performance of the photovoltaic cells. Similar 
attempt has been made by employing conventional Soxhlet extraction method with the 
use of organic solvent. However, this technique is considered to be fairly laborious and 
time-consuming, which is not suitable for a fast production process [120]. 
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The type of instrument used in the measurements is a commercial single-furnace 
differential scanning calorimeter (PerkinElmer DSC 6000, USA) with a temperature 
operating range of -180 to 450 ºC that is controlled by its Pyris
TM
 software (as shown in 
Figure 3.27). The instrument is equipped with a built-in cooling accessory IntraCooler II 
refrigerator. Nitrogen (BOC, UK, 99.998% purity) was used as purge gas at a flow rate 
of 20-ml/min. 
 
Figure 3.27. Differential scanning calorimetry system. Inset image shows the standard aluminum sample 
pans and covers used for enclosing the EVA sample. 
Prior to the measurement, Ethylene Vinyl Acetate (EVA) sheet supplied from 
(Dupont, USA) with a thickness of ~45 μm, was cut into small shreds and weighted in 
around 12 mg before being enclosed in a standard 50-μl aluminium sample pan (see 
insert image in Figure 3.27), in order to avoid the direct contact with the furnace and 
temperature sensors. The preparation and operation procedure for DSC measurement 
are described as follow: 
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 Check the balance level and ensure that the air bubble is located at the centre of 
the circular area. Transfer the EVA shreds directly in the sample pan and weigh 
the sample being tested (12 mg). 
 Place the lid on the pan, with its indention facing down. Put the covered pan in 
the black holder for compression. 
 Place the holder under the press and pull the handle down where the pan and 
lid are sealed. Repeat with an empty pan to be used as a reference. 
 Place the sealed sample pan and reference pan in the sample tray and reference 
slot respectively. Turn on the nitrogen gas and the power to the cooler. 
 Open the Pyris software, and set the purge gas flow at 20-ml/min. Enter the 
parameters for the operating procedure before starting the program, in our case, 
the sample is heated from -20 to 220 ºC at 10 ºC/min for 2 cycles while testing 
the heat flow. 
 When the program ends, turn off the cooling system and switch off the nitrogen 
gas. 
3.8 Summary 
In this chapter, the equipment and instruments used for light-harvesting materials 
and solar cells characterisation are introduced. Detailed descriptions in regard to the 
operating principle of particular devices are also given. With the aim to more clearly 
demonstrate their uses, characteristics and working conditions, all the apparatus 
employed at corresponding experimental stage are indicated and listed below in Table 
3.8. 
In the next following two chapters, a variety of potential oxide materials for silicon 
solar cells performance enhancement will be investigated. Chapter 4 shows the light 
promotion in commercial single junction mono-Si solar cells through the application of 
high surface area of titanium oxide (TiO2)-based nanoaerogels and the use of silicon 
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oxide (SiO2) thin film anti-reflection coatings where in chapter 5, rare earth ion-doped 
gadolinium oxysulfide and alkaline aluminates phosphor materials are employed as 
effective UV spectral downconverters in order to resolve the spectral mismatch and 
Fresnel reflection of silicon solar cells. The relevant background regarding the as used 
light-harvesting candidates, the experimental results on improved mono-Si solar cells as 
well as the mechanisms underlying the enhanced cell efficiency are performed. 
Table 3.8. Equipments and instruments for experimental tests. 
Name of apparatus/instruments Measuring Objectives Area of Measurement 
Laser cutting-engraving machine Cutting for solar cell  
Solar cell preparation 
 
 
Digital soldering station 
 
Soldering for solar cell 
Thermal couple and data logger PV cell temperature measurement Temperature acquisition 
Flash solar simulator I-V characteristics measurement  
Electrical 
characterisation Keithley source-meter I-V characteristics measurement 
Solar cell response system Solar cell EQE measurement 
High pressure compact reactor TiO2-based aerogels preparation Materials fabrication 
Chamber box furnace Heat treatment for resultant 
materials 
Materials annealing 
UV/Vis spectrophotometer Solar cell surface reflectance, 






Ellipsometer Deposited film refractive index and 
thickness measurement 
 
Scanning Electron Microscope 
Powder samples morphologies 
observation, Surface 
microstructures observation of 
coated solar cells 
 
Morphology, structure 
and crystalline phase 
characterisation 
Transmission Electron Microscope Powder samples structural features 
and catholuminescence properties 
analysis 
 
X-Ray powder diffractometer 
Powder crystalline phases 
identification and crystallite size 
measurement 
 
Monochromator detector system 
 
Phosphor luminescence properties 





Surface area and pore size analyser 
TiO2-based nanoaerogels specific 






Differential Scanning Calorimetry 
 







Chapter 4 Titanium Oxide-Based 
Nanoaerogels for Crystalline Silicon Solar 
Cells 
4.1 Introduction 
Titanium dioxide (TiO2) and magnesium oxide (MgO) are environmentally friendly 
and economically low in cost, which have attracted a lot of academic attention due to 
their novel applications in the domain such as optoelectronic devices, catalysis, 
reflecting and antireflection coatings [138]. The light harvesting performance of TiO2 
can be further improved by doping with MgO on the basis of two mechanisms: surface 
modification and size optimisation. The surface modification of the mixed oxide system 
by introducing small amount of MgO might induce a variety of crystal defects on TiO2 
surface that acted as trapping centres, which could effectively inhibit the recombination 
of photogenerated charge carriers during the migration from inside of TiO2 particles to 
the surface. This is expected to contribute to overall enhancements of photoactivity and 
light absorption in both UV and visible range [138, 139]. On the other hand, doping 
TiO2 with porous MgO in controlled content could lead to the increase in the specific 
surface area and therefore more possibilities for light diffusion on the solar cell interface 
and multiple reflections inside the material, which are able to provide enhanced 
scattering behavior as well as to promote the photogenerated-electron transfer to the 
conduction band of TiO2 lattice [140]. In addition, MgO exhibit high optical 
transparency and low refractive index, which will not overshadow the potential 
enhancement derived from the intrinsic antireflection properties of TiO2 [141]. 
In this chapter, the experimental process executed in the laboratory focus primarily 
on investigating the potential application of TiO2 and MgO-doped TiO2 NPs to improve 
the conversion efficiency of commercial single junction mono-Si solar cells. In the 
present work, meso-porous TiO2 and MgO-doped TiO2 aerogels were prepared through 
an innovative approach by using a precipitation method in conjunction with a modified 
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sol-gel process [151]. In order to encapsulate the TiO2 based NPs on the textured 
surface of the solar cells without loss of UV activity, ethylene vinyl acetate (EVA), with 
high optical transparency (T = 93/100 in the range of 400 to 850 nm), moderate index 
value (n = 1.48) and UV cut-off wavelength (λc = 250 nm), was used as the matrix and 
binder.
 
In addition, this copolymer exhibits good colour stability that help resist 
yellowing after 5000 hours of damp heat testing and it shows strong adhesion to glass 
sustrate [156]. Such a combination of element doping method with the use of 
nanoporous photocatalyst is expected to compensate for the low spectral response of 
silicon solar cells at the UV-blue wavelengths while improving light trapping. The 
experimental objectives are listed below: 
 To obtain high specific surface area of TiO2-based nanoaerogels for the 
promotion of light absorption of mono-Si solar cells at wavelength of UV-blue 
region, thus improving the power conversion efficiency. 
 To demonstrate the formation of a novel anti-reflection layer comprising 
EVA/TiO2 based nanocomposites on top surface of the mono-Si solar cells by 
using blade screen printing technique. 
 To examine the effectiveness of the synthesised TiO2-based nanoaerogels for 
the energy performance enhancement of mono-Si solar cells through the 
investigation of the microstructure of the nanocmposite layer, as well as the 
illustration of electrical, optical, and EQE response of solar cells before and 
after coating. 
4.2 TiO2 and its applications 
In recent years, titanium dioxide (TiO2) has received a growing academic interest 
and concern owing to its low-toxicity, chemical stability, high photocatalytic activity, as 
well as the excellent optical and dielectric properties. These outstanding features allow a 
wide range of applications such as sunscreen agents, humidity and oxygen sensor, 
photographic plates, and photocatalyst for environmental protection. TiO2 exhibits good 
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reactivity under ultraviolet (UV) light and adapted refractive index (n ≈ 1.8-2.9), which 
also make itself being served as a standard anti-reflection coating in the domain of solar 
PV industry [98, 121]. 
TiO2 in nature can exist in three distinct crystalline types: rutile, anatase and 
brookite. Among all these polymorphs, only rutile is relatively abundant and 
thermodynamically stable with the highest formation enthalpy, while anatase and 
brookite are metastable that can be transmitted into rutile phase, but they are scarce in 
earth. Since brookite is difficult to fabricate, and hence is not comprehensively 
discussed in this chapter. Anatase phase shows good response to ultraviolet (UV) light 
and has a more superior photocatalytic performance compared to other two [122-124].  
Comparing with the rutile TiO2 (110) surface, the crystal defects on the surface of 
anatase TiO2 (101) are relatively unstable and energetically prefer to occupy the 
subsurface sites. As a result, the greater amounts of oxygen vacancies (VO) (or shallow 
traps) on the surface of anatase TiO2 particles result in more Ti
3+ 
sites, thus trapping 
electrons, which could more efficiently inhibit the recombination of charge carries 
(photoexcited holes and electrons) [121, 124]. Secondly, the photogenerated charge 
carriers show the lowest recombination rate within the anatase TiO2 due to the lightest 
polaron effective mass for anatase than for other phases, which gives the fastest 
migration of charge carriers from the interior to the particle surface [125, 126]. The 
lower electron-hole recombination rate in anatase is also believed to arise from the 
materials’ typical smaller grain size which results in higher adsorption capacity [125]. 
In addition, anatase belongs to indirect band gap semiconductor category which has a 
longer charge carrier lifetime compared to that direct band gap of rutile and brookite, 
which allows for easier surface reactions [124, 126,].  
Anatase (I41/amd space group) and rutile (P42/mnm space group) belong to 
orthorhombic system and are both tetragonal crystallographic in structure, which 
comprise of the same TiO6 octahedral ([TiO6]
8-
) geometry, sharing four edges with 
surrounding octahedrons in anatase and two in rutile. The unit cell of anatase TiO2 
contains four Ti atoms and eight O atoms while two Ti atoms and four O atoms for 
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rutile phase [128, 129]. These structures are shown in Figure 4.1-4.3.  
 
Figure 4.1. Sketch showing the titanium dioxide ([TiO6]
8-





Figure 4.2. Crystal structures of TiO2 anatase (tetragonal, I41/amd) and rutile (tetragonal, P42/mnm) 
polymorphs. Figure is adapted from [127]. 
 
Figure 4.3. Geometrical structures of the unit cells in respect to: (a) anatase and (b) rutile TiO2. The blue 
and red spheres are Ti
 





Table 4.1. Properties comparison between anatase and rutile TiO2 [128]. 
Property Anatase Rutile 
Crystal structure  Tetragonal Tetragonal 
Formulas per unit cell (Z)  4 2  
Space group  I41/amd P42/mnm 
Lattice parameters (nm)  a = 0.3785 a = 0.4594  
 c = 0.9514 c = 0.2959  
 Unit cell volume (nm
3
) 0.1363 0.0624  
Density (kg/m
3
) 3894 4250 
Calculated indirect band gap   
(eV) 3.23-3.59 3.02-3.24 
(nm) 345.4-383.9 382.7-410.1 
Experimental (optical) band gap   
(eV) ~3.2 ~3.0 
(nm) ~387 ~413 
Refractive index 2.54, 2.49 2.79, 2.903 
Solubility in HF Soluble Insoluble 
Solubility in H2O Insoluble Insoluble 
Hardness (Mohs) 5.5-6 6-6.5 
Bulk modulus (GPa) 183 206 
 
Figure 4.4 shows the X-ray diffractograms of TiO2 powders calcined at temperature 
range of 300-800 ºC that are reported by Miszxzak and Pietrzyk. In their work, 
anatase-rutile phase of TiO2 powders were obtained through analogous sol-gel process 
by dissolving titanium (IV) butoxide (Ti([O(CH2)3CH3)4]) in anhydrous ethanol [122]. 
This is particularly relevant to the current research scope since sol-gel method has been 
considered to be one of the most effective techniques for preparation of metallic oxide 
materials in nano-scale [136, 151]. However, the use of such metal-organic starting 
material requires strict control of the synthesis condition because the butoxide is easily 
hyrdolysed in ambient air. Furthemore, titanium butoxide is usually produced by 
treating titanium tetrachloride (TiCl4) with addition of butanol, it may have higher 
production cost than direct use of TiCl4 precursor that restricts the commercialisation of 
this method [137]. 
Typically, anatase is formed when calcined at temperature above 350 ºC and rutile 
at temperature greater than 800 ºC [124]. The transformation from anatase to rutile 
phase is an irreversibly reconstructive process in which the bonds breaking and 
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reforming occur, leading to a contraction of c-axis and reduction in unit cell volume. 
Therefore, rutile is more densely packed and exhibits a greater density in comparison 
with anatase. The temperature of this phase transition depends on various factors, such 
as the sample fabrication method, crystallite size, oxygen defects, the presence of 
impurities or dopants, and the annealing atmosphere [128]. The basic properties of rutile 
and anatase TiO2 are outlined in Table 4.1. 
 
Figure 4.4. XRD patterns of TiO2 powders calcined at 300-800 ºC [122]. 
The structural features such as the phase, particle and crystallite size, as well as the 
specific surface area of crystal affect fundamentally the functional properties of both 
TiO2 powders and thin films. Research on functional materials has now focused on 
nanomaterials with structure on the nanometer scale due to the unique features arising 
from their small size.  
Nanomaterials with various sizes and morphologies have shown the great potential in 
improving the light trapping in solar cells in a wide range of wavelength. Furthermore, 
nanostructured TiO2, such as nanotubes, nanosheets, nanospheres, nanowires and 
nanoparticles have been proven to provide superior photocatalytic performance due to 
their large surface area [130]. Jin et al reported successful synthesis of anatase TiO2 
nanowires which leads to 1.26 times increase in photodegration rate of the organic 
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pollutant methylene blue under UV illumination compared to that of commercial 
Degussa P25 TiO2 (80% anatase and 20% rutile), which is ascribed to the mesoporous 
structure and large specific surface area (267.56 m
2
/g) [131]. Al-Attafi et al 
demonstrated that the hierarchically structured anatase TiO2 nanoparticles can be used 
as high surface area scattering layer for Dye-sensitized solar cell performance 
enhancement. These aggregated particles (average grain size = 8.5 nm) contributed to a 
high power conversion efficiency of 9.1% in comparison with 7.4% by using those of 
commonly used large particles scattering layer [146]. 
 
However, the wide semiconductor band gap of TiO2 (3.2 eV for anatase and 3.0 eV 
for rutile ) restricts the absorption to the UV region [132]. For this reason, a number of 
approaches have been devised, such as doping with metallic (e.g., Fe, Cr, Mg)
 
[133, 134, 
138] and nonmetallic elements (e.g., N, S) [142, 143] into the TiO2 lattice. This is 
because that the substitution of Ti
4+
 cations or lattice oxygen
 
with such doping ions that 
having a lower valence would induce crystal defects and the creation of oxygen 
vacancies on TiO2 surfaces, which could effectively improve the photocatalytic activity 
of TiO2 in both UV and visible regions.  
An alternative strategy is to obtain high surface area of TiO2 particles with micro- or 
meso-porous structures since the porous texture on the TiO2 NPs opens up the 
possibility for light diffusion on the interface of semiconductor, promotes rapidly the 
photogenerated-electron transfer to the conduction band of TiO2 NPs. Moreover, the 
high surface-to-volume ratios and porous structure allow multiple reflections of incident 
light and provide a good scattering effect, which enhances the light harvesting 
capability of TiO2 across a wide wavelength [144-147].
 
In addition, a high surface area 
usually gives a small particle size and relatively lower surface energies, giving rise to a 
higher density of localised states and subsequent surface-adsorbed hydroxyl radicals, 
which can be served as trapping sites for effective separation of photo-generated 
electron-hole pairs as well as for inhibition of charge carrier recombination [128].  
There are a number of methods for fabrication of porous TiO2 nanomaterials, 
commonly used ones include hydrothermal process [147], vapour-liquid-solid 
99 
 
mechanism [148], electrospinning [149], and sol-gel synthesis route [150]. Among them, 
sol-gel processing is generally accepted as a simple and easy operation method in which 
the creation of nanostructures is solely based on the chemical reaction of either atom- or 
molecular-size precursors. It has been widely used for fabricating metal oxide materials 
with various shapes such as porous and hollow structures, dense powder, monoliths and 
thin films. Furthermore, this method is also an economical way to synthesise 
titania-based nanomaterials with relatively high purity and controllable chemical 
composition, which allows for easy scale-up and wide application. In addition, the 
chemical characteristics of resultant materials synthesised via sol-gel method exhibit 
high homogeneity in comparison with that of TiO2 obtained from other routes [151]. 
Sol-gel synthesis method consists of two important chemical procedures: hydrolysis 
and condensation reactions of sol to form a stable gel that possessing high specific 
surface area and unique porous structure.  
 
Figure 4.5. Schematic representation of the different stages of the sol-gel process. 
Figures 4.5 shows the typical sol-gel protocol, in these chemical procedures, a 
colloidal solution is formed by mixing metal alkoxides or soluble inorganic metal 
species with alcohols which are usually served as the precursor of the target products 
and the solvent respectively. The metal compounds undergo hydrolysis and 
poly-condensation, resulting in a sol in which colloidal particles are dispersed without 
any precipitation. The fine aerosol particles in the colloidal solution were then solidified 
from sol into a wet gel-like diphasic system that contains both a liquid and solid phase. 
A drying process is followed to remove the remaining liquid solvents, and thus to yield 
a dry gel. In the last step, a post heat treatment process is pivotal in completing 
recrystallisation as well as improving the mechanical properties and structural stability 
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of the resultant materials [152]. It is deserved to mention that drying of the gel at room 
temperature results in the formation of less porous and more denser-materials, which is 
known as xerogels. This arises from the porous network collapse due to the interfacial 
tension accompanying with the formation of a liquid-vapour interface. One efficient 
method to eliminate the interface is by removing the solvent in a supercritical condition. 
Aerogels were thereby obtained through this approach and the resultant materials show 
low agglomeration, low density, and relatively high specific surface area as compared to 
the xerogels [151]. Nowadays, aerogels have been used in a wide range of applications 
such as luminescence [153], battery [154], and space [155]. 
4.3 Experimental Methods 
4.3.1 Materials used for the fabrication of TiO2-based aerogels 
Fabrication method of titanium dioxide-based nanoaerogel materials was inspired 
by the research work done by Parayil et al, who had successfully synthesised high 
surface area of anatase TiO2 aerogels in a compact nitrogen reactor via High 
temperature supercritical drying of sol-gel method [151]. By using a similar approach 
with some modification, titanium dioxide nanomaterials with porous structure and 
higher specific surface area can be obtained. The following chemicals were used in the 
laboratory for the fulfillment of this approach:  
Methanol (Alfa Aesar, UK, 99%) was used as the solvent, titanium tetrachloride 
(TiCl4) (Sigma Aldrich, UK, 99.9% trace metal basis) and magnesium nitrate 
hexhydrate (Mg(NO3)2·6H2O) (Sigma Aldrich, UK, 99.999 %) were used as the 
precursor of the target oxide and the doping agent respectively. All chemicals were used 
as received without further purification. 
4.3.2 Synthesis of TiO2 based aerogels 
For preparation of nanostructured TiO2 based nanoaerogels, titanium (IV) chloride 
(TiCl4) and magnesium nitrate hexahydrate (Mg(NO3)2·6H2O) were used as the 
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precursor of TiO2 and MgO dopant respectively. In a typical synthetic process, 1.4 ml of 
TiCl4 was gently injected into a glass beaker (see Figure 4.6 left) containing 150 ml of 
methanol and 63.6 mg of Mg(NO3)2·6H2O salt to obtain a 1/50 molar ratio of 
magnesium to titanium in the synthesised NPs. This molar ratio is suggested by a study 
in which different molar ratios of MgO-doped TiO2 NPs were prepared by using an 
aerogel method and it was found that a solid solution of MgO-TiO2 mixed oxides of 





Figure 4.6. Solution mixing process (left) and vessel (right) of the high-pressure compact stirred reactor. 
The mixture of that solution was vigorously stirred for 15 minutes where TiCl4 is 
fully dissolved in methanol at room temperature. The contents were then poured into a 
vessel (see Figure 4.6 right) of the autoclave (Parr Model 5500 high-pressure compact 
stirred reactor, see Figure 3.13) and hydrogen gas (H2) (BOC, UK, 99.995% purity) was 
introduced into the autoclave at an initial pressure of 20 bar (2 MPa). The autoclave was 
then heated to a setting temperature of 200 ºC and maintained for 2 hours. The internal 
pressure was finally observed at around 80 bar (8 MPa). The autoclave was cooled 
down to room temperature and the remaining H2 gas was released. The autoclave was 
disassembled and the solution poured back into that beaker.  
The solid aerogel obtained was washed two times with methanol and dried in a 
fume hood overnight at room temperature. The synthesised powder was finally calcined 
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in a chamber furnace (see Figure 3.14) at 400 ºC for 10 hours under a static air 
environment. The synthetic process for undoped TiO2 aerogel is similar with that of 
MgO-doped TiO2 and the only difference between those two cases is the adding of Mg 
dopant. The final products of TiO2 and MgO-doped TiO2 aerogel materials before and 
after heat treatment are shown below in Figure 4.7.  
 
Figure 4.7. TiO2 (top) and MgO-doped TiO2 (bottom) aerogel nanomaterials before and after annealing at 
400 ºC for 10 hours. 
It can be seen that the synthesised TiO2 and MgO-doped TiO2 aerogels show brown 
and greenish yellow colour respectively, which may due to the presence of metallic 
dopants or impurities around the lower edge of conduction band of TiO2. The colour of 
TiO2 can vary from white to reddish which depends on the fabrication method and the 
level of purity. White TiO2 is the purest form possessing a bandgap of 3.2 eV while it 
cannot absorb visible light. The impurities are most likely coming from the stainless 
steel autoclave that contains metallic elements such as Cr, Fe, V and Mn [175]. 
However, these transitional metals or metallic particles may help in improving the 
visible photoactivity of TiO2 [133-135]. Detailed elemental composition analysis and 
their potential effects on the light absorption performance of the aerogels coatings will 
be discussed in the latter section (Section 4.4.1.1). 
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4.3.3 Formation of the deposited layer 
Mono-crystalline silicon solar cells, model XS156B3-200R from Motech were used 
in the layer coating process. The mono-Si solar cells were cut into 3 equal sizes (156 
mm × 52 mm) by using a CTR-TMX90 high power laser machine. TiO2-based 
nanoparticles were encapsulated in ethylene vinyl acetate (EVA) copolymer resins, and 
the obtained composite solutions of EVA/TiO2-based nanoaerogels were blade screen 
printed on top of random pyramid structure of SiNx anti-reflection layer of the solar 
cells. Each cell has a coated area of 5 × 5 cm
2
. In the following subsections, preparation 
of the solely EVA layer and EVA/TiO2-based nanocomposited layer as well as their 
integration onto the surface of mono-Si solar cells are described in detail. 
4.3.3.1 Binding Materials 
In order to encapsulate the TiO2-based nanomaterials on the textured surface of 
mono-Si solar cell, an appropriate binding agent is required. This binding material must 
possess relatively high transmittance or even provide anti-reflective functionalities that 
would not offset the potential enhancement brought by the TiO2-based nanoaerogels.  
The binder used in present experiments is Ethylene Vinyl Acetate (EVA) (Elvax 
150, Dupont), also called poly ethylene vinyl acetate (PEVA) with chemical formula 
[(C2H4)n(C4H6O2)m], which is a random copolymer of ethylene and vinyl acetate, with a 
long ethylene chain and pedant acetate groups. Figure 4.8 shows its chemical structure 
where the functional groups of ethylene (-CH2–CH2), vinyl (-CH2-CH-), and acetate 
(CH3-CO2) are illustrated. This commercial transparent resin of EVA copolymer 
contains 32% weight ratios of vinyl acetate, with melt flow rate of 4.3 g/min and UV 
cut-off wavelength down to 250 nm. The detailed composition, physical and thermal 







Table 4.2. Elvax 150 EVA properties [159]. 
Typical Characteristics  
Composition  
Vinyl acetate 32 wt% 
Butylated hydroxytoluene (BHT) antioxidant 0.2 wt% 
Physical  
  




Melt flow index (190 ºC/2.16 kg) 43 g/ 10 min 
Electrical resistivity 1014 Ω cm 
Refractive index 1.486 
Thermal   
  Melting point 63 ºC 
 Soften point 36 ºC 
Degradation temperature 235 ºC 
 
Typically, EVAs incorporate 5 to 50% vinyl acetate. The feature of EVA varies with the 
change in vinyl acetate (VA) content. EVA with high VA content, around 20% to 40%, 
are less crystalline because of the relative bulkiness of the acetoxy side chain (see 
Figure 4.8), which increases the difficulty in close packing of polymer chains. This 
gives rise to higher transmittance, tackiness and flexibility while at very low proportion 
of VA content, it behaves like a tough thermoplastic. In addition, the increase of VA 
content usually results in the polarity of the copolymer, which contributes to improving 
adhesion and electrical insulation properties [157,158].  
 





EVA is an elastomeric material, meaning that it develops irreversible cross-links 
when being cured. The level of cross linking highly influences the optical transmittance 
capabilities and dielectric properties, therefore proper curing is an essential part of EVA 
encapsulation. Typical curing method to control the cross-linking process of EVA 
includes thermal heat treatment that is usually monitored by the differential scanning 
calorimetry (DSC) in order to detect the physical variations during the cross-linking 
reactions and thus determine the curing temperature. Prior to that process, the EVA 
resin was formulated with other additives such as chemical curing agents, stablisers, UV 
absorbers, photo- and thermo-antioxidants [119, 161, 162]. 
Cross-linked EVA exhibits excellent optical properties, good thermal stability, and 
strong adhesion to glass substrate, which has been widely used as PV modules 
encapsulant for over decades. Furthermore, its outstanding features such as low 
temperature flexibility, chemical resistance and easier handling, superior durability and 
higher performance-cost ratio, which give itself advantages over other polymers and 
different types of encapsulation materials [161]. In addition, it is reported that the EVA 
films used for the solar cell encapsulation also show good light absorption particular in 
the short wavelength of solar spectrum [163]. Therefore, this polymeric binder is 
expected to be a suitable matrix for the encapsulated TiO2-based NPs that would 
contribute to a further enhancement in light absorption and thus conversion efficiency 
for the silicon solar cell. 
4.3.3.2 Polymer Solvent 
The formation of EVA or EVA/TiO2-based nanocomposite layer requires proper 
solvents to dissolve the polymer and so as to apply the liquid mixture onto the surface 
of solar cell. Therefore, the selection of polymer solvent becomes vital in determining 
the morphology as well as the homogeneity of the deposited layer. Attempts have been 
made through screening testing among different types of solvents in order to find the 
suitable ones for dissolution of EVA copolymer. Generally, EVA copolymer is soluble 
in most of aromatic, aliphatic, alicyclic and chlorinated organic solvents at room 
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temperature where among them trichloroethylene has been proven to be the most 
effective one that is capable of dissolving cross-linked EVA at 80 ºC [164,165]. 
However, due to the health, safety and environmental reasons, this candidate is not 
employed in current research. Alternative solvents with relatively lower toxicity such as 
cyclohexane and xylene are considered to be the most favourable candidates to dissolve 
EVA at relatively low temperature.  
Various factors in terms of solvent properties that may have great impacts on the 
morphology of the deposited layer which include the vapour pressure, boiling point, 
surface tension and the viscosity of the solvent. In addition, the annealing temperature 
plays a critical role in varying the solubility of solid substances since it determines 
directly the kinetic energy of the solvent molecules that could potentially overcome or 
succumb to the attractive forces among solute particles [166]. 
Table 4.3. Physical properties of the solvents. 
Properties P-xylene [167] Cyclohexane [168] Toluene [169] 
Molecular Formula C8H10 C6H12 C7H8 
Colour Colourless Colourless Colourless 
Density (g/cm
3
 at 20 ºC) 0.866 0.779 0.867 
Vapour Pressure (mbar at 20 ºC) 9  104  28  
Boiling Point (ºC) 138  78 111 
Surface Tension (mN/m at 20 ºC) 28.27 24.95 28.52 
Viscosity (mPa.s at 20 ºC) 0.648  0.940  0.590  
 
The solvent liquid used in this project is p-xylene (Alfa Aesar, UK, 99%) where its 
physical properties along with other screened solvents are summarised in Table 4.3. 
This liquid has shown to be effective in dissolving polymer materials with relatively 
lower flammability and toxicity, making it appropriate for the current project.  
 
4.3.3.3 EVA Layer Preparation 
The EVA was used as encapsulant for TiO2-based NPs to the solar cell. EVA 




mm. Prior to investigating various concentrations of the TiO2-based nanomaterials for 
the solar cell performance enhancement, a study to determine the best weight 
percentage (wt%) of EVA was undertaken. The weight ratio refers to the percentage of 
EVA in the final solution by mass applied to the cell, which is expressed by the 
equation: 
Wt% of EVA = 
               
                                   
           (4.1) 
The solvent used in layer application process was p-xylene. This stage is important as 
the EVA serves as a binder for the TiO2-based NPs. These layers tend to block light, 
decreasing the cell’s efficiency. Due to this fact, it is pivotal to find a certain wt% of 
EVA that decreases efficiency by fairly small amount or even provides some minor 
enhancement.  
In order to determine the best weight ratio (wt%) of EVA to TiO2 based NPs that 
contributes to an optimum enhancement in power conversion efficiency (PCE) of the 
coated solar cells, various weight ratios of EVA/p-xylene liquid mixtures (9, 12, 15, 18 
and 21 wt%) were prepared by dissolving 500 mg of EVA foils in a certain amount of 
p-xylene solvent. EVA sheet in respect to different wt% was previously cut into small 
pieces for better dissolving and added to a glass beaker that contains p-xylene solvent 
(see Figure 4.9).  
 
Figure 4.9. EVA sheet (left) and the preparation of EVA/p-xylene solution (right) where the beaker is 
placed on top of the hotplate magnetic stirrer. 
Considering the inevitable evaporation of solvent during stirring process, the amount 
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of p-xylene added at this stage is slightly higher than that of calculated ideal value. 
EVA/p-xylene mixture was then stirred at 30-35 ºC for 10 minutes until a uniform 
solution is formed. Once the EVA foils has been fully dissolved and the desired wt% is 
reached, the solution is ready for layer application.  
4.3.3.4 Composite Layer Preparation 
The synthesised undoped TiO2 and MgO-doped TiO2 NPs were ready to be used in 
the process of layer application. Prior to that process, 1.5 mg of each powder was 
measured and then dispersed in p-xylene using an ultrasonic bath (see Figure 4.10). The 
solution with different concentrations of dispersed powder (0.2 mg/ml, 0.3 mg/ml, 0.4 
mg/ml, 0.6 mg/ml and 0.8 mg/ml) are prepared and then separately mixed with certain 
amounts of EVA sheet in which the weight ratio of EVA in that of mixture is fixed at 15 
wt%. This ratio has given rise to a homogeneous EVA layer applied onto solar cell as 
well as exhibiting superior optical transmission and reflection properties to other ratios 
of solely EVA coatings, which potentially contributes to the maximum enhancement in 
conversion efficiency. The mixture solution was then left above 30 ºC under magnetic 
stirring until uniform colloidal solutions are observed. In order to ensure the accuracy 
and consistency on the amount of EVA/TiO2-based NPs that applied on the solar cell, 
the volume of the mixed solution for each coating was fixed as 1.3 ml (one shot of the 
pipette) and the TiO2/EVA weight ratio for different concentrations of prepared solution 
can thereby be determined by substituting the known conditions into equation 4.1: 
15-Wt% of EVA = 
               
                                   
 
= 
               
                               
 
Hence, the mass of EVA that applied on each coated solar cell is 0.198 gram and the 
TiO2 or MgO-TiO2/EVA ratio for all tested concentration solutions can be calculated. 
Typically, 0.13, 0.2, 0.26, 0.39 and 0.53 wt% is obtained at 0.2-mg/ml, 0.3-mg/ml, 
0.4-mg/ml, 0.6-mg/ml and 0.8-mg/ml respectively. Note that since the synthesised 
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powders are expected at the nanoscale, all prepared solutions are controlled in a 
relatively low concentration range so as to avoid the potential shading effects on solar 
cell surface due to the serious particle aggregation. 
  
 
Figure 4.10. Ultrasonic bath used for dispersing TiO2-based nanoaerogels in p-xylene solvent. 
4.3.3.5 Layer Application 
Integration of solely EVA coating and EVA/TiO2-based nanocomposite coating onto 
the surface of mono-Si solar cells were accomplished by using blade screen printing 
technique. This coating method provides fast film deposition and allows for the 
formation of coating films with defined thickness. In addition, this method is 
particularly suitable when coating solution possesses relatively high viscosity [170].  
 




Figure 4.11 shows the layer coating process where the solar cell is fixed on the 
experimental table by using a low tack masking tape (Mercateo, UK) with thickness of 
~ 0.1 mm. The tape is also served as the “Guides” to mark out the desired area for each 
coating. Next, the solution of EVA or EVA/TiO2 (MgO-doped TiO2) mixture is dropped 
through a pipette along the two Guides where near the bottom edge of the solar cell. 
After that, the solution is linearly moved by pulling the coating rod across the solar cell 
with constant pressure, leaving behind a wet thin film and eventually producing a 
coated area of 5 cm × 5 cm on top surface of the cell. In order to demonstrate the 
accuracy of the coating effects on the energy performance enhancement of solar PV 
cells, three samples for each concentration of coated cell are prepared. In addition, the 
glass and quartz slides are also coated in the same route to investigate the optical 
properties of the deposited layers. The final thickness of the wet film is determined by 
various factors such as the surface energy of the cell, the surface tension and viscosity 
of the solution, as well as the thickness of the tape. Among them, the thickness of the 
Guides plays the most important role in varying and controlling the wet film thickness 
of the formulated layer [102].  
Once the wet film was formed, the coated cells were dried in a fume hood and then 
cured in a furnace at 190 ºC for 5 minutes at a heating rate of 10 ºC/min. The curing 
temperature is suggested by the results obtained from Differential Scanning Calorimeter 
(DSC) measurements which will be discussed in detail in latter section. After the heat 
treatment, the applied mixture formed a glossy layer on the textured surface of the solar 
cell (see Figure 4.12). An illustration of the steps for preparation of TiO2-based 
nanoaerogels and their integration on the surface of mono-Si solar cell is presented in 




Figure 4.12. Coated solar cells after curing at 190 ºC for 5 mins. 
 
Figure 4.13. Flow diagram showing the fabrication process of TiO2 based nanoaerogels and their 
integration onto the surface of mono-Si solar cell. 
4.3.4 Equipments used in experiment 
In order to perform the experiments and research outcomes of nanostructured 
TiO2-based aerogels materials for improving energy performance of commercial model 
XS156B3-200R mono-Si solar cells, various equipments and apparatus were used. Most 
of their operating principles and methods with respect to certain testing purposes have 
been described in the preceding chapter (Chapter 3). These equipments and instruments 
include solar simulator, J-V source meter, monochromator-solar cell response system, 
Differential Scanning Calorimeter, UV/Vis spectrometer, pore size analyser, field 




4.4 Results and Discussion 
4.4.1 Synthesised TiO2-based nanoaerogels 
In this section, the experimental results obtained from x-ray powder diffraction, 
field emission scanning electron microscopy, scanning transmission electron 
microscopy and nitrogen gas phsisorption analyses on the morphological and structural 
features of as prepared TiO2 and MgO-doped TiO2 nanoaerogels are presented and 
compared. 
4.4.1.1 Crystalline phases and Morphology analysis 
Figure 4.14 depicts the X-ray diffraction patterns of the MgO-doped TiO2 and 
undoped TiO2 powders annealed at 400 ºC. The first peak of each diffraction pattern 
indicates the most stable plane of TiO2 (2θ = 25.30º, d101 = 3.5174Å) and MgO-doped 
TiO2 (2θ = 25.25º, d101 = 3.5239Å) respectively, which are in good agreement with the 
standard tetragonal anatase TiO2 phase (JCPDS 84-1286, 2θ = 25.32º, d101 = 3.5141Å) 
(indicated by the simple bars in Figure 4.14). However, the XRD patterns of MgO-TiO2 
(1:50M) did not show the presence of MgO as the quantity of added dopant is too low to 
form an independent crystalline phase of MgO and the Mg
2+
 ions could disperse into the 
TiO2 lattice. Note that the diffraction peak of TiO2 tended to broaden with the addition 
of small amount of MgO (2-mol%), which reveals an alleviation of the severe 
aggregation in the TiO2 particles and thus a reduction in crystallinity. In addition, at the 
interface of the mixed oxide system, the substitution of Ti by Mg given rise to lattice 
distortions that affects the original crystalline behavior and these may explain the 
weaker peak that was observed for the MgO-doped TiO2 in comparison with that of 
pure TiO2 nanoparticles [171]. 
The line broadening of MgO-doped TiO2 XRD patterns also indicates a slight 
structural change, suggesting a reduction in the crystallite size. The average crystallite 






     
                             (4.2)                           
where λ is the wavelength of the incident X-rays (1.5406 Å), β is the full-width at 
half-maximum (FWHM) in radian, θ is the diffraction angle of the considered 
diffraction line, K is a dimensionless number of the order of unity, known as the 
Scherrer constant (defaults to 0.89), typically the K values are within the range of 0.7~1 
which depends on the crystallite shape and the crystallite-size distribution [173]. Based 
on the technical reference of TOPAS functionality, the variation of Schrrer constant in 
terms of seven common crystal systems in determining the particles crystallite size is 
demonstrated in below Table 4.4. 
Table 4.4. Variation of Schrrer constant K for crystallites of different shapes [174]. 









In our case, the K value is set to 0.95 and the results show comparable crystallite sizes 
of ~9.8 nm and ~7.6 nm for TiO2 and MgO-doped TiO2 respectively. Other than that, 
the estimated tetragonal lattice parameters, and interplanar spacing (dhkℓ) of the 
synthesised samples are summarised in Table 4.5 
Table 4.5. The tetragonal lattice parameters of TiO2 and MgO-doped TiO2 nanoparticles from XRPD data. 
Sample Crystallite 
Size (nm) 
a (Å) c (Å) (hkℓ) dhkℓ (Å) 
TiO2 9.8 3.7824 9.5025 101 3.5174 
MgO-TiO2 7.6 3.7806 9.5011 101 3.5239 




Figure 4.14. X-ray powder diffractometer patterns of (a) TiO2 and (b) MgO-doped TiO2 nanoparticles 
annealed at 400 ºC for 10 hours. 
The surface morphologies and elemental composition of the synthesised 
TiO2-based nanoaerogels were examined using a field emission scanning electron 
microscope (FE-SEM) in conjunction with energy dispersive X-ray spectroscopy. 
Figure 4.15 shows the high-resolution FE-SEM micrographs of TiO2 and MgO-doped 
TiO2 NPs annealed at 400 ºC. The agglomeration of the particles with roughly spherical 
shape can be clearly observed. In addition, the agglomerated particles exhibit compact 
and uniform surface morphology with small grains homogeneous in size.  
The corresponding energy dispersive X-ray spectroscopy (EDS) spectra from the 
random FE-SEM scanned area of TiO2 and MgO-doped TiO2 NPs are illustrated in 
Figure 4.16, which confirm the presence of titanium (Ti), oxygen (O), and magnesium 
(Mg) elements in the synthesised powder samples. The additional peaks in regard to 
carbon (C) and gold (Au) are from the background (carbon film and gold coating). The 
comparable intensity peaks of iron (Fe) and chrome (Cr) are most likely arisen from the 
contamination during the fabrication process when the reaction solution is being stirred 
in a high -temperature and -pressure environment enclosed in the stainless steel-made 
autoclave [175]. However, this may also bring extra benefits on improving the overall 
photoresponse of the synthesised TiO2-based NPs. Due to the high band gap energy 
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(3~3.2 eV), the photoreaction efficiency of TiO2 is largely limited by its capability of 
absorbing only UV radiation. Unexpectedly, Fe and Cr are reported as two most popular 
transition metal dopants used for modification of the TiO2 optical properties by 
extending the absorption edge from UV to visible light range because the oxidation 
products of Fe2O3 (2.2 eV) [176] and Cr2O3 (2.9 eV) [177] possess comparably narrow 
bandgap which could give rise to the alteration of electron-hole recombination in TiO2 
and more importantly, the radii of Ti
4+ 
(average ionic radius = 0.058 nm), Fe
3+ 
(average 
ionic radius = 0.060 nm) and Cr
3+





 ions can be easily incorporated into the TiO2 lattice and acted as 
shallow traps, which contributes to enhancement of photoactivity [133,134]. Therefore, 
we could expect such co-doping system to achieve a more pronounced light harvesting 
for silicon solar cells particular in the visible range of solar spectrum. 
The composition of the powder samples that were analysed using the integrated 
EDS is summarised in Table 4.5. 
 
Figure 4.15. Field emission scanning electron microscope micrographs of (a), (b) TiO2 and (c), (d) 




Figure 4.16. Energy-dispersive X-ray spectroscopy (EDS) of (a) TiO2 and (b) MgO-doped TiO2 
nanoaerogels. Inset SEM micrographs refer to the corresponding selected area, and the scale bar for each 




Table 4.6. Elemental composition of TiO2 and MgO-TiO2 powder samples from the EDS spectra. 
TiO2    
Sr. N Elements Atomic (%) Weight (%) 
1 O K 64.48 37.72 
2 Ti K 35.03 61.34 
3 Cr K 0.38 0.71 
4 Fe K 0.11 0.23 
Total  100 100 
MgO-TiO2    
    Sr. N Elements Atomic (%) Weight (%)  
1 O K 65.13 38.77 
2 Ti K 32.43 57.68 
3 Mg K 1.16 1.03 
4 Cr K 0.99 1.91 
5 Fe K 0.29 0.61 
Total  100 100 




Figure 4.17. (a) to (c), Field emission transmission electron microscope micorgraphs of TiO2. (d), 
MgO-doped TiO2 nanoaerogel annealed at 400 ºC. 
The synthesised TiO2-based nanoaerogels were also investigated by TEM analysis 
to obtain the morphology and structure characteristics. The high resolution FE-TEM 
images {see Figure 4.17(b) and (d)} of dispersed NPs indicate their crystalline nature 
with lamellar lattice morphology. However, the statistical analysis of the size 
distribution from TEM data was difficult to obtain due to the agglomeration of the NPs. 
The grain size ranges of 5-15 nm were measured from those discrete particles, which is 
consistent with the structural parameters that are obtained from the XRPD 
measurements. 
4.4.1.2 Structural properties 
Figure 4.18(a) and (b) shows the nitrogen-sorption isotherms of TiO2 and 
MgO-doped TiO2 aerogels prepared in current work. The isotherms show mono-layer at 
the low value of relative pressure (P/P0), followed by the formation of multi-layer and 
capillary condensation. The TiO2 aerogels show a specific surface area of ~ 154.3 m
2
/g, 
which is comparable to the aerogels (82 m
2
/g) prepared using high temperature 
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supercritical drying of sol-gel methods as reported by Parayil et al [151].
  
The density functional theory (DFT) pore size distribution (PSD) plot of 
undoped-TiO2 aerogels {see Figure 4. 18(c)} indicates a typical mesopore range from 4 
to 20 nm with pores centred at 6.8 nm. This isotherm exhibits a combination of Type IV 
and Type H2 (a) hysteresis {categorised by International Union of Pure and Applied 
Chemistry (IUPAC)} [178]. In case of MgO-doped TiO2 aerogels, the PSD plot {see 
Figure 4.18(d)} exhibits a sharp peak and triangle-like shape, indicating comparatively 
smaller pores centred at 5.2 nm, a larger surface area of ~ 231.4 m
2
/g was observed.  
 
Figure 4.18. N2-sorption isotherms of (a) representative TiO2 aerogel and (b) MgO-doped TiO2 aerogel; c 
and d, the corresponding pore size distribution plots are shown. 
 
The remarkable increase of surface area in MgO-doped TiO2 nanoaergels is 
attributed to the slight reduction in grain size, which is mainly caused by the interface 
stress and lattice contraction resulting from the replacement of Ti (Ti
4+
 average ionic 
radius = 0.058 nm) by Mg (Mg
2+ 
average ionic radius = 0.071 nm) [179]. The detailed 
structural properties of the aerogels are summarised in Table 4.6. 
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TiO2 (this work) 154 0.29 6.8 10 
MgO-doped TiO2 (this work) 231 0.27 5.2 8 
TiO2 [127] 82 0.25 11 20 
 
4.4.2 Solely EVA Layer 
DSC thermodynamic measurement was used to determine the curing temperature 
that enhances the transparency of the EVA raw material. Figure 4.19 shows the heat 
flow diagram of raw EVA material obtained from the DSC measurements. 
 
Figure 4.19. The differential scanning calorimetry heating curves of raw ethylene vinyl acetate material. 
It can be seen from Figure 4.19 that the first heating curve shows an endothermic 
peak at 48.75 ºC with an enthalpy of 39.12 J/g. The exothermic peak occurred at 163.44 
ºC with the curing enthalpy of 14.17 J/g. The second heating curve shows a lower 
melting peak of 10.54 J/g compared to the first scan (39.12 J/g), and no exothermic 
peak can be detected, implying full curing of EVA. The shift in the endothermic peak, 
the reduction of the melting enthalpy and the disappearance of the curing peak, suggest 




























Peak = 48.75 
o
C
First Heating at 10 oC/min
Peak = 163.44 oC 
Peak = 66.47 
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C Second Heating at 10 
oC/min
Area = 82.203 mJ
Delta H = 10.5389 J/g
Area = -110.552 mJ
Delta H = -14.1733 J/g
Area = 305.129 mJ
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a complete crosslinking in the EVA’s crystal structure [120]. From the first heating 
curve, it was observed that the exothermic region is completed at 186 ºC, which 
represents the optimum curing temperature for the coated solar cell. 
Figure 4.20 shows the transmission spectra of glass substrates coated with solely 
EVA layers at different weight ratio (wt%) after the heating process. It can be seen that 
the coated layers with concentration of 9, 12, 15, 18 and 21wt% exhibit good light 
transparency with transmittance close to that of a glass substrate within the tested 
wavelength of 200 to 800 nm. Since the thickness of masking tape that determines the 
wet film thickness is fixed and the coating procedure for each coated layer is nearly 
consistent, the higher value of wt% means more EVA content in the dry layer that is 
obtained. This results in more additives contained in the deposited layer that slightly 
reducing the transmittance, as can be seen from the inset plot of Figure 4.20. 
 
Figure 4.20. Transmission spectra of solely EVA layers with different weight ratio (wt%) deposited on the 
glass substrate. 
Figure 4.21 shows the optical reflection and absorption spectra of the uncoated and 
coated cells with various wt% ratios of solely EVA layers. It could be seen that coated 
cells with EVA layers show overall less reflectance and higher absorbance compared 
with uncoated cells across the measured spectral wavelength range from 260 to 800 nm. 
A significant reduction in reflectance especially in the UV-region of 280 nm to 400 nm 
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was observed. This is due to the promotion of light trapping particular in the short 
wavelength of solar spectrum by adding the EVA layer on top surface of the mono-Si 
solar cells. These results basically coincide with the initial expectations because the 
average refractive index of EVA (n ≈ 1.48) is between the SiNx anti-reflection coating 
layer (n ≈ 1.9) and air (n ≈ 1) [156, 180]. As indicated the EVA serves as a binder for the 
TiO2 based NPs, which also has the tendency to block the incoming light and thus 
decreasing the cells’ efficiency, whereas in fact, the solely EVA coatings at different wt% 
possess good light-transparency with transmittance close to that of a glass substrate, 
which is confirmed by the transmittance measurement (see Figure 4.20).  
 
Figure 4.21. Reflection and absorption spectra of uncoated cell and cell coated with various weight ratios 
of EVA. 
Table 4.8summarises the influence of EVA coatings on the electrical characteristics 
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of the mono-Si solar cells in which the J-V curve for optimum coating condition is 
shown in Figure 4.22. It was found that the coated cell with EVA at 15-wt% has resulted 
in a minimum decrease in cells photovoltaic performance among other tested ratios of 
solely EVA coatings in which the Jsc and Voc showed negligible reduction of 0.2 
mA/cm
2
 (from 36.59 mA/cm
2
 to 36.39 mA/cm
2
) and 0.3 mV (from 599.1 mV to 598.8 
mV) respectively, which leads to a marginal decrease of 0.11% (from 15.76% to 16.65%) 
in power conversion efficiency. Hence, this ratio is considered to be as the most suitable 
candidate for encapsulating TiO2-based NPs to the solar cell that potentially contributed 
to maximising the PCE enhancement. 
 
Figure 4.22. Photovoltaic J-V curves of mono-Si solar cell before and after coating with 15 wt% EVA 
examined at 1000 W/m
2
 and 25 ºC, with illuminated surface area of 8.553 cm
2
. 
Table 4.8. PCE change in mono-Si solar cell coated with different wt% ratios of EVA. 







Absolute η (%) 
EVA 9 15.79 15.36 -0.43 
EVA 12 15.67 15.41 -0.26 
EVA 15 15.76 15.65 -0.11 
EVA 18 15.76 15.61 -0.15 
EVA 21 15.78 15.59 -0.19 
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Another factor that has to be considered is the fluidity of the coating solution. 
Although the solar cells with EVA coating at 18 wt% and 21 wt% ratios show also 
minor reduction in conversion efficiency, but their liquid solutions appear to have much 
higher viscosity than other ratios. This can be seen in Figure 4.23 in which the mixture 
solutions of EVA/p-xylene with 18 wt% and 21 wt% show dynamic viscosity of 260.8 
Pa∙s and 316.7 Pa∙s respectively at 30 ºC, more than twice that of the solution with 15 
wt% ratio (111.5 Pa∙s). An increase in viscosity of the coating solution gives rise to a 
decrease in fluidity and mobility [181], which inevitably brings technical difficulties 
during the coating procedure. This factor, however, is influential on the surface 
homogeneity and uniformity of the wet film coating as well as the optical properties of 
the dry layer. Therefore, it is of importance to maintain liquid viscosities at a certain 
level in order to effectively transfer the liquid materials onto the surface of solar cell. 
 
Figure 4.23. Viscosity as a function of temperature for different concentrations of EVA/p-xylene 
solutions. 
4.4.3 EVA/TiO2 and EVA/MgO-TiO2 composite layer 
4.4.3.1 Electrical characteristics of coated solar cell 
The J-V characteristics of bare, solely EVA binder-coated, EVA/TiO2, and 
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EVA/MgO-TiO2-coated solar cells are shown in Figure 4.24. The bare mono-Si solar 
cell exhibited a PCE of 15.76%, a short-circuit current density (Jsc) of 36.59 mA/cm
2
, 
and an open-circuit voltage (Voc) of 599.1 mV. After coating with 15-wt% EVA on the 
textured surface, the J-V characteristics showed a slight change in Jsc (36.39 mA/cm
2
) 
and Voc (598.8 mV). The formation of the EVA layer on top of the solar cells resulted in 
a marginal reduction of 0.11% (from 15.76% to 15.65%) in conversion efficiency. This 
coating provides the best electrical performance compared to other ratios of solely EVA 
coatings, which has been demonstrated in previous section (see Table 4.7).  
In the case of the cell that was coated with EVA/TiO2 nanocomposite at 0.3-mg/ml 
concentration, the J-V characteristics exhibited significant increase with ΔJsc = 0.59 
mA/cm
2 
and ΔVoc = 4.5 mV, corresponding to an overall enhancement of 3.4% (from 
15.76% to 16.29%) in PCE relative to those for a bare cell. The highest increase of ΔJsc 
= 1.14 mA/cm
2
, corresponding to a maximum enhancement of 6.0% (from 15.76% to 
16.70%) was achieved by integrating EVA/MgO-doped TiO2 nanocomposite 
(0.3-mg/ml) on the cell’s textured surface.  
 
Figure 4.24. Photovoltaic J-V curves of mono-Si solar cells before and after coating with solely EVA, 
EVA/TiO2, and EVA/MgO-doped TiO2. 
Also, the results demonstrated that the concentration of dispersed TiO2 NPs 
encapsulated in EVA binder has a strong influence on the amount of light absorbed and 
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thus the PCE of the solar cells. Figure 4.25 shows the enhancement in PCE of the 
coated cells as a function of deposited TiO2 based NPs with different particle 
concentrations. It can be seen that the cells coated with MgO-doped TiO2 NPs increased 
the conversion efficiency at all tested concentrations. Typically, 0.46%, 0.94%, 0.64%, 
0.39% and 0.04% is obtained at 0.2-mg/ml, 0.3-mg/ml, 0.4-mg/ml, 0.6-mg/ml and 
0.8-mg/ml respectively. The only reduction in PCE occurs in the cell that coated with 
undoped TiO2 NPs at 0.8-mg/ml (15.76% to 15.63%) due to the aggregation of particles 
that diminishes the light-trapping capability of the cell’s intrinsic textured surface, 
which can cause excessive backward scattering [182]. The detailed characteristics of 
coated cells with TiO2 based NPs at different concentrations are summarised in Table 
4.9 
Table 4.9. J-V characteristics of mono-Si solar cells before and after coating with solely EVA, EVA/TiO2 
and EVA/MgO doped-TiO2. 












Uncoated 36.59 599.1 0.1348 71.91 15.76 
Cell/EVA 36.39 598.8 0.1339 71.85 15.65 
Cell/EVA/TiO2
 
(0.2 mg/ml)  36.77 602.6 0.1367 72.10 15.98 
Cell/EVA/TiO2
 
(0.3 mg/ml) 37.18 603.9 0.1394 72.58 16.29 
Cell/EVA/TiO2
 
(0.4 mg/ml) 36.97 602.9 0.1381 72.44 16.15 
Cell/EVA/TiO2
 
(0.6 mg/ml) 36.66 601.4 0.1352 71.70 15.81 
Cell/EVA/TiO2
 
(0.8 mg/ml) 36.47 597.2 0.1337 71.77 15.63 
Cell/EVA/MgO-TiO2
 
(0.2 mg/ml)  36.97 606.4 0.1387 72.40 16.22 
Cell/EVA/MgO-TiO2
 
(0.3 mg/ml) 37.73 608.1 0.1428 72.77 16.70 
Cell/EVA/MgO-TiO2
 
(0.4 mg/ml) 37.47 607.2 0.1411 72.53 16.50 
Cell/EVA/MgO-TiO2
 
(0.6 mg/ml) 37.06 606.3 0.1381 71.89 16.15 
Cell/EVA/MgO-TiO2
 





Figure 4.25. Enhancement in power conversion efficiency of mono-Si solar cells coated with EVA/TiO2 
and EVA/MgO-doped TiO2. 
By comparing the electrical performance of uncoated, solely EVA coated and 
EVA/TiO2 based nanoparticle coated cells at different particle concentrations, it was 
found that the enhancement in power conversion efficiency is attributed to the effects of 
both EVA binder and TiO2 nanocomposite. The EVA encapsulated MgO-TiO2 with 
1:50M coating provides a maximum enhancement of 0.94% absolute efficiency 
enhancement at concentration of 0.3-mg/ml. For the pure TiO2 coating with 0.3-mg/ml, 
this increase is not as much as MgO doped TiO2, which is 0.53%. 
Figure 4.26 shows the temperature coefficient of open circuit voltage (Voc) for the 
uncoated, EVA-coated, EVA/TiO2 and EVA/MgO-doped TiO2-coated solar cells. It can 
be seen that the Voc for each case of tested cells shows varying degrees of drop with the 
increasing of cell temperature. In addition, the results demonstrate expressly that the 
solar cells with enhanced photovoltaic performance exhibit overall less voltage drop of 
~ -2.7 mV/ºC and ~ -2.3 mV/ºC for EVA/TiO2 and EVA/MgO-doped TiO2-coated cells 
respectively, compared to that of uncoated cell (-3.1 mV/ºC).  





















































Figure 4.26. Fundamental temperature coefficient of open circuit voltage as a function of cell temperature. 
The inset fitting equations were derived for each case of tested solar cell. 
J-V measurements were also carried out under UV illumination with light intensity of 
45.9 W/m
2
 at room temperature of 25 ºC. The current density-voltage (J-V) 
characteristics that were obtained from the uncoated, solely EVA-coated (15-wt% ratio), 
EVA/TiO2-coated, and EVA/MgO-TiO2-coated solar cells (0.3-mg/ml) are shown in 
Figure 4.27.  
 
Figure 4.27. J-V characteristics of the uncoated cell and cells coated with solely EVA, EVA/TiO2, and 
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The coated cells show overall higher Jsc and Voc than that of bare cell, and thus 
contribute to enhancement in PCE. It was found that the best results were achieved 
when the cell coated with EVA/MgO-doped TiO2 (0.3-mg/ml) in which the Jsc = 1.92 
mA/cm
2
, Voc = 332 mV, compared to that of EVA/TiO2 (0.3-mg/ml) coated cell where 
Jsc = 1.70 mA/cm
2
, Voc = 323 mV, and uncoated cell with Jsc = 1.39 mA/cm
2
, Voc = 293 
mV. Other parameters show varying degrees of enhancement. The cell with solely EVA 
coating at 15 wt% ratio also shows marginal increase in both Jsc and Voc compared to 
the bare cell. Detailed electrical characteristics of the coated solar cells are summarised 
in Table 4.10. 
Table 4.10. Electrical characteristics of the uncoated and coated solar cells under UV illumination with 
light intensity of 45.9 W/m
2
. 
Cell Type Jsc (mA/cm
2
) Voc (mV) Pmax (mW) FF PCE (%) 
Uncoated 1.39 293 1.20 0.34 3.06 
EVA 1.45 303 1.31 0.34 3.34 
EVA/TiO2 1.70 323 1.59 0.33 4.05 
EVA/MgO-doped TiO2 1.92 332 2.11 0.38 5.37 
4.4.3.2 Microstructure of coated solar cell 
Figure 4.28 displays the cross-section FE-SEM images of the mono-Si solar cells 
coated with EVA/TiO2 and EVA/MgO-doped TiO2 composite layers. The images show 
clearly the morphology of pyramidally textured silicon surface and the coated layers 
comprised of EVA/TiO2 and EVA/MgO-TiO2 with an average thickness of 9.2 μm and 
9.0 μm respectively. In addition, the coated layers show good uniformity, some of the 
particles are deposited onto the solar cell’s surface through blade screen printing 




Figure 4.28. Cross section SEM images of the coated mono-Si solar cells with (a) EVA/TiO2 and (b) 
EVA/MgO-doped TiO2. 
 
The corresponding EDS spectra from the entire FE-SEM scanned area of the coated 
cells are presented in Figure 4.29. It expressly confirms the presence of titanium (Ti), 
oxygen (O) and magnesium (Mg) elements in the deposited layers. The additional peaks 
corresponding to C are from the EVA binder. The insignificant intensity peaks of Fe and 
Cr observed in the spectra are due to the contamination during the fabrication process of 
powder samples as explained previously. No detectable chlorine peak was found, 
indicating that the TiCl4 precursor has been decomposed prior to the deposition. 
 
Figure 4.29. Energy-dispersive X-ray spectroscopy of mono-Si solar cells coated with (a) EVA/TiO2 and 
(b) EVA/MgO-doped TiO2. 
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4.4.3.3 Optical characteristics of coated solar cell 
To further validate the obtained results regarding the efficiency enhancement brought 
by the TiO2-based nanoaerogels, the reflectance measurements for these devices were 
performed. Figure 4.30 shows the optical reflectance and absorption spectra measured 
from uncoated, EVA/TiO2 coated, and EVA/MgO-TiO2 coated-solar cells with varying 
degrees of particle densities. Comparison between these cells indicates that TiO2-based 
nanoaerogels coating on the surface of mono-Si solar cells could effectively reduce the 
reflection in the UV range. The coated cells with enhanced electrical characteristics 
exhibit overall less reflectance and higher absorbance compared with uncoated cells 
across the measured spectral wavelength range from 200 to 800 nm.  
 
Figure 4.30. Comparison of optical reflectance and absorption spectra for uncoated and coated cells with 
the following configurations: (a), (b) EVA/TiO2-coatd and (c), (d) EVA/MgO-doped TiO2-coated cells 






Figure 4.31. Optical (a) reflectance and (b) absorbance of uncoated and cells coated with solely EVA 
(15-wt%), EVA/TiO2 (0.3-mg/ml) and EVA/MgO-doped TiO2 (0.3-mg/ml). 
 
Figure 4.31 compares the optical reflectance and absorption spectra for uncoated, 
solely EVA-coated (15-wt%), EVA/TiO2-coated (0.3-mg/ml), and 
EVA/MgO-TiO2-coated (0.3-mg/ml) solar cells that contribute to the maximum 
enhancement in power conversion efficiency. It can be seen clearly that the reflectance 
of coated cell with EVA/MgO-TiO2 shows a more significant reduction at wavelengths 
of 280 to 400 nm. The reduced reflectance for the enhanced solar cells is achieved by 
the light scattering from the spherical TiO2 based nanoaerogels, as a result of improving 
in overall light trapping at the interface of the textured ARC layer. Since the light 
scattering abilities rely largely upon the particle size, the larger particles may cause an 
increased cross-section for backward scattering, which shades the pyramid structures 
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[182]. In this work, the diameter of the TiO2 based nanoaerogels (5-15 nm) was much 
less than the spacing between the pyramids. Hence, the particles didn’t impair the light 
benefits on the original ARC layer, whereas, the incident light was forward scattered 
into the cell through the TiO2 based NPs. Furthermore, the aerogels with meso-porous 
microstructure potentially allow more incident light to transmit through the pore and 
shine onto the ARC layer over a large angular range, increasing the optical path length 
of photons in the cell, thereby enhancing the light harvesting [144, 146].
 
The drastic 
reduction of reflectance in the range of 250-350 nm is due to the absorption of 
high-energy incident photons mainly in the short-middle wavelength UV-region. This 
can be confirmed by the UV-Vis absorption spectra as performed on the quartz 
substrates (see Figure 4.32) in which a more pronounced enhancement in absorption by 
MgO-TiO2 mixed oxides (MgO:TiO2 = 1:50) was observed at the shorter wavelength. 
 
Figure 4.32. Ultra-visible absorption spectra of quartz substrate and the deposited nanocomposite films of 
EVA/TiO2 and EVA/MgO-doped TiO2. 
The surface modification of the mixed oxide by adding small amounts of MgO into 
TiO2 nanoaerogels is a more reasonable explanation for the additional reduced 
reflectance. When Mg
2+
 ions are doped into the TiO2 nanoaerogels, various types of 
crystal defects and vacancies are created to compensate the charge neutrality in TiO2 
crystal, contributing to further enhancement in the UV photocatalytic reactivity [132, 




























































In addition, the smaller NPs with higher surface-to-volume ratio may 
probably induce more photons to be absorbed at the short-middle wavelength UV 
region for photo-current conversion [138, 143]. 
The comparison from reflection spectra also indicates that the reflectance in the 
spectrum range of 300 to 450 nm can be reduced when the cell’s surface is coated with 
15-wt% EVA layer, which has been demonstrated in the previous section. This finding 
also confirms the outstanding light absorption properties of EVA in the 
short-wavelength of solar spectrum [152]. Since the EVA serves as a binder for the 
TiO2 based NPs, it has to provide a relatively high transmittance so as not to block the 
incident light, and thus more savings of incoming energy. At the same time, it should 
also possess with adapted refractive index to minimise the Fresnel reflection loss during 
the light absorption at the interface of solar cell. Actually, the average refractive index 
of EVA (n ≈ 1.48) is between the SiNx anti-reflection coating layer (n ≈ 1.9) and air (n ≈ 
1) [156, 180], which provides improved RI matching when sandwiched between the 
SiNx layer and air. Additionally, from the transmission measurements of the coated 
layers, it was observed that the solely 15 wt% EVA coating possesses good 
light-transparency with transmittance close to that of a glass substrate, which is shown 
in Figure 4.33. This coating is featured by its high light transmittance over 86% in the 
visible spectrum range of 400 to 800 nm. Hence, EVA can serve as a good binder and 
matrix. Moreover, the coated substrate with EVA/MgO-doped TiO2 shows slightly 
higher transmittance as compared to the EVA/undoped-TiO2 and the transmission 
spectra of the coated glass substrates reveals a gradually decrease with increased 
concentration of the dispersed TiO2-based nanopowder, which can be observed in 
Figure 3.33 and Figure 3.34. This also explains the slight reduction in the Jsc and thus 
lower conversion efficiency in the case of solar cell that coated with undoped TiO2 NPs 
at 0.8-mg/ml. The reduction in PCE (15.76% to 15.63%) is most likely due to the 





Figure 4.33. Transmission spectra for glass substrate and the deposited composite films with the 
following configuration: glass with solely EVA, glass with EVA/TiO2, and glass with EVA/MgO-doped 
TiO2. 
 
Figure 4.34. Transmission spectra for glass substrate and the deposited composite films with the 
following configuration: (a) EVA/TiO2 and (b) EVA/MgO-TiO2 at different particle densities. 
The obtained transmittance spectra were also used to estimate the optical energy 
band gaps of the deposited composite films. In case of shorter wavelengths which close 
to the optical bandgap, the scattering losses are dominated by the fundamental 
absorption and the absorption coefficient α is given by the expression [185]: 
α = d
-1 
ln(1/T)                           (4.3) 
where d is the thickness of the film and T is the optical transmittance. Considering that 
the indirect allowed transition dominates over the optical absorption, the optical energy 



















































bandgap of the deposited TiO2/EVA and MgO-TiO2/EVA films can be correlated to the 
absorption coefficient, α, using the Tauc expression [186, 187]: 
 (αhν)
1/2
 = B (hν – Eg)                        (4.4) 
where Eg is the optical band gap, hν is the absorbed photon energy, B is the band tailing 
parameter. The Tauc plots of (αhν)
 1/2
 as a function of the photon energy are presented in 
Figure 4.35 (black and red). Note that the Eg values of the deposited films are obtained 
by extrapolating the linear portion of the curves to the photon energy axis rather than 
simply drawing the tangent line along the random point on the curves [187]. Therefore, 
the uncertainties in deriving bandgap energies depend solely on the determination 
coefficient values R
2
 of the linear fit in each plotted curve. Here, the plotted curves 
show good approximation of optical energy band gaps of 3.10 eV and 3.17 eV for the 
deposited EVA/TiO2 and EVA/MgO-TiO2 with R
2
 values of 0.935 and 0.897 
respectively.  
 
Figure 4.35. Optical energy bandgap of EVA/TiO2 and EVA/MgO-TiO2 composite films obtained by 
extrapolating the linear portion of the versus hv value. 
 























 0.3 mg/mL MgO-TiO2 + 15 wt% EVA




4.4.3.4 External quantum efficiency of coated solar cell 
Figure 4.36(a) presents the EQE response for bare, solely EVA binder-coated, 
EVA/TiO2 coated, and EVA/MgO-TiO2 coated solar cells. The EQE value for 
binder-coated cells is fairly close to that of bare cells and is slightly higher at 
wavelengths of 300-330 nm, which achieves a close match with the reflectance 
measurements {see Figure 4.31(a)}. Furthermore, the solar cells coated with EVA/TiO2 
and EVA/MgO-TiO2 composite layers provide enhanced photocurrent across the entire 
wavelength range from 300 to 1100 nm and more significant increase in EQE in the 
UV-region compared to the bare cell. This is due to the improved anti-reflective 
properties of EVA/TiO2 and SiNx, giving rise to an overall increase of photon 
harvesting on the cell’s textured surface. Compared to the EVA/TiO2 coated cell, the 
solar cell with EVA/MgO-TiO2 layer achieves a more pronounced increase in EQE, 
particularly at wavelengths of 300-350 nm. These findings are also consistent with those 
observed variations in reflectance and Jsc. Figure 4.36(b) plots the enhancement factor 
of EQE for all cells evaluated in this work. The cells coated with EVA/MgO-TiO2 
obtained the maximal EQE enhancement factor (˃1, 300-1100 nm) followed by the cells 




Figure 4.36. External quantum efficiency (EQE) curves and (b) enhancement factor of EQE for cell 
coated with Solely EVA, EVA/TiO2, and EVA/MgO-TiO2, compared that of bare cell. 
4.5 Silicon Oxide for Crystalline Silicon Solar Cells 
4.5.1 Introduction 
Fabrication of silicon oxide (SiO2) thin films was part of the experimental design in 
this chapter since SiO2 is a standard antireflective material with a suitable refractive 
index value (n ≈ 1.4 to 1.55) [224], which can effectively reduce the surface reflection 
and expand the spectral operating range toward the UV region of solar spectrum, and 
thus improve the energy performance of silicon solar cells. In addition to the 
antireflective properties, SiO2 thin films can be also served as a passivation layer which 




This section demonstrates an investigation into electrical and optical characteristics 
of commercial p-type single junction mono-crystalline silicon solar cells before and 
after coating with single and double anti-reflection layers of silicon oxide via 
low-temperature Plasma Enhanced Chemical Vapour Deposition (PECVD) method by 
using Tetramethylsilane (TMS) as a silicon precursor and oxidised in situ with 
potassium permanganate (KMnO4) in a low cost economic manner. 
4.5.2 Experiment method 
In this work, Plasma Enhanced Chemical Vapour Deposition (13.6 MHz Radio 
Frequency (RF) powered) processing was used for its ability to produce and deposit 
single and double layers of SiO2 thin films on the silicon solar cells’ (T6S-3A, Motech 
Industries, Taiwan) surface at low temperature conditions. Such a cost-effective scheme 
is expected to obtain an energy performance enhancement in commercial 
single-junction silicon solar cells. A picture of the experimental configuration of this 
coating system is shown in Figure 4.37. 
 
Figure 4.37. Photograph of PECVD coating system. 
The vacuum chamber has a dimension of 50 cm in diameter and 50 cm in height, which 
consists of inner and outer covers. The inner cover is served to facilitate uniform 
distribution of vaporised gases during the coating process, meanwhile, the gas condition 
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inside the chamber can be observed through the viewing window at the outer cover. The 
solar cells were placed on the cathode plate, mounted within the grounded chamber 
alongside with the in-situ oxdising agent. 
In a typical procedure, the plasma, comprised of ions, electrons and numerous 
neutral species is formed and sustained through the application of high RF to a low 
pressure gas. The applied electric field provides the electrons with sufficient energy to 
become highly reactive without significantly increasing the temperature. For deposition 
of SiO2, the Tetramethylsilane (TMS) (C4H12Si) was used as the precursor material and 
potassium permanganate (KMnO4) was served as an in situ oxidation agent. TMS gas 
was introduced into the chamber followed by an additional cleaning process using argon 
gas while the gases flow rate is controlled and monitored through the mass flow 
controllers. The growth and properties of such films are primarily determined by the 
substrate temperature and voltage bias. Table 4.11 summarises the coating parameters 
for solar cells with single and double antireflection layer of SiO2 films. These 
depositing conditions are based on the experimental work done by Tahhan et al who 
obtained a maximum enhancement of 0.31% (11.05% to 11.36%) in electrical 
conversion efficiency of mono-Si solar cells by using those ARCs [228].  
Table 4.11. Summary of the coating parameters and conditions for mono-Si solar cells with single and 
double antireflection layers of silicon oxide [228]. 
Coating Conditions Layer 1 (bottom) Layer 2 (top) 


















4.5.3 Result and discussion 
Figure 4.38 shows the J-V curves of coated cells with a single and double 
antireflection layer using above depositing parameters. The performance of uncoated 
cell was also presented for comparison. A visible increase in photocurrent and 
neglectable change in open-circuit voltage (Voc) can be clearly observed due to a further 
exploitation of incident light by SiO2. Compared to the single antireflection layer, the 
solar cell coated with double layers of SiO2 shows a more significant increase in Jsc 
(from 37.68 mA/cm
2
 to 38.37 mA/cm
2
), contributing to a maximum enhancement of 2.7% 
(16.45% to 16.89%) in conversion efficiency relative to those of a bare cell. Detailed 
electrical characteristics of evaluated solar cells are summarised in Table 4.12. 
 
Figure 4.38. J-V curves of the coated cells at the maximum performance enhancement acquired using AM 
1.5 illumination. Inset shows a photograph of coated cells with different surface colour compared to the 
uncoated cell. 
























Uncoated 37.68 607.3 0.1406 71.91 16.45 - - 
Cell/SiO2 (Single Layer) 38.31 608.2 0.1438 72.07 16.81 0.36% 2.2% 
Cell/SiO2 (Double Layer) 38.37  609.8 0.1445 72.16 16.89 0.44% 2.7% 





































































Figure 4.39 shows the optical reflectance and absorption spectra of coated solar 
cells at maximum performance. It can be seen that the solar cells with single and double 
layer of SiO2 coating exhibit overall reduction in reflectance across the measured 
wavelength of 200 to 850 nm compared to the uncoated cell. A more remarkable change 
in reflectance was observed in the spectral region of 250 to 300 nm and 350 to 400 nm 
when the solar cell was coated with double antireflection layer. This is attributed to the 
absorption of UV photons by SiO2 thin films due to its intrinsic anti-reflective 
properties.  
 
Figure 4.39. Optical reflectance (a) and absorption (b) spectra of coated cells with single and double 




In addition, the double layer of SiO2 thin film shows outstanding light transmission 
properties at visible region (see Figure 4.40, T(λ)DLARC versus T(λ)quartz = 91.9/92.7 
across the range from 400 to 850 nm), which could ensure an efficient photon 
harvesting in silicon solar cells. 
 
Figure 4.40. Transmission spectra for quartz substrate and double anti-reflection layers for solar cells with 
optimum enhancement obtained. 
 
Given that the silicon solar cells exhibit weak response to short wavelength of light, 
an alternative ingenious approach to suppress the spectral mismatch is proposed in 
chapter 5 where the light promotion in silicon PV cells via modification of incident 





































This chapter separately demonstrated the potential application of high surface area 
TiO2 based nanoaerogels and silicon oxide films in improving the energy performance 
of commercial monocrystalline silicon solar cells. A novel and simple anti-reflection 
coating (ARC) was developed by screen printing a solution of TiO2 based NPs 
dispersed in a polymeric matrix onto the solar cell’s textured surface. SiO2 oxide films 
were produced by low-temperature PECVD for efficiency enhancement of solar cells at 
low fabrication costs. 
The crystallite size of synthesised TiO2 based nanomaterial shows a marginal 
decrease by adding small contents of MgO dopant. The N2-sorption analysis revealed 
that the as prepared MgO-TiO2 aerogels with low content of MgO (2 mol%) have a 
higher surface area (231 m
2
/g) compared to that of undoped TiO2 aerogels (154 m
2
/g), 
and their application to the textured surface of solar cells through blade screen printing 
technique formed a uniform layer which contributed to significant improvements in Jsc 
and EQE. The enhancement was attributed to the conjunction effects of improved 
anti-reflective properties of TiO2 based NPs and EVA binder.  
Nanoporous TiO2 could enhance the light scattering capability and increase the 
photon harvesting on the pyramidal structures. The EVA binder with 15-wt% ratio 
provides good optical and mechanical host conditions for the TiO2 based NPs. 
Moreover, the results demonstrated that the concentration of dispersed TiO2 based NPs 
play a critical role in altering the enhancement factor of coated solar cells. EVA 
encapsulated TiO2 NPs enhance electrical performance but not as much as MgO-doped 
TiO2 since doping nanostructured TiO2 with MgO yields led to further promotion of 
light absorption and thus more pronounced enhancement in conversion efficiency. An 
optimum relative enhancement of 6.0% (from 15.76% to 16.70%) was observed in a 
cell with MgO-doped TiO2 nanocomposite at particle density of 0.3 (mg/ml).  
In case of silicon oxide thin film ARC, with optimised oxygen diffusion in the 
silicon films for solar cells coated with a single layer of silicon oxide can contribute to a 
competitive power conversion efficiency as compared to a double layer of silicon oxide 
coating where the solar cells showed a maximum increase of 2.7% in conversion 
efficiency in relative to that of a bare cell. 
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Chapter 5 Phosphor for Crystalline Silicon 
Solar Cells 
5.1 Introduction 
The aim of experimental works in this section is to develop a down-converting 
luminescent layer on textured surface of commercial mono-Si solar cell by using 
down-converting phosphor materials which could absorb and convert high-energy UV 
photons into visible range where silicon solar cells exhibits a robust spectral response 
and thus to improve the overall conversion efficiency. The main objectives through 
experiments are summarised as follow: 
 Analyse and evaluate the potential application of down-converting Tb3+ doped 
Gd2O2S phosphor and Eu
2+
 doped SrAl2O4 phosphors in an attempt to improve 
the power conversion efficiency of silicon-based single-crystalline cells. 
 To demonstrate a low-cost effective luminescent layer comprising 
EVA/Phosphor mixture on top surface of commercially available mono-Si solar 
cells through rotary screen printing technique. 
 Compare and examine systematically the effectiveness of down-converting 
phosphor in terms of improved light absorption and scattering on the cells’ PV 
performance through a comprehensive study on electrical, optical, and external 
quantum efficiency response of solar cell before and after coating, and 
moreover, the investigation on luminescent and morphological properties of the 
phosphor particles. 
5.2 Spectrum Modification for Silicon Solar Cells 
Currently, the crystalline silicon (c-Si)-based solar cells are still dominating the 
global solar PV market owing to their abundance, stability, and non-toxicity [12]. 
However, the conversion efficiency of PV cells is constrained by the spectral mismatch 
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losses, non-radiative recombination, and strong thermalisation of charge carriers. 
Generally, the c-Si solar cells are only able to absorb photons within a limited fraction 
of solar spectrum, with ultraviolet (UV)-blue and most of the infrared (IR) region of 
light untapped. 
 
Figure 5.1. (a) Spectral response (SR) and (b) external quantum efficiency (EQE) as a function of 
wavelength for Motech T6S-3A mono-Si solar cell. 
Figure 5.1(a) shows the spectral response (SR) curve of the currently used mono-Si 
solar cells as a function of wavelength, and Figure 5.1(b) presents the corresponding 
external quantum efficiency (EQE) spectrum in the range from 300 to 1100 nm. It can 
be seen that the spectral response exhibits an increasing trend longer than the 
wavelength of 400 nm (3.15 eV), with a peak centred at 980 nm and then gradually fall 
back to zero after reaching the band gap of silicon at wavelength around 1100 nm (1.12 
eV). Here, since silicon belongs to an indirect band gap semiconductor and therefore 
there is no evident observation of sharp cut off in the SR curve.  
The limitation of spectral response at longer wavelength as described in previous 
sections is due to the inability of silicon to absorb photons with energy below the band 
gap (hv < Eg) while at short wavelength, photons with higher energy above the band gap 
(hv > Eg) cannot be fully utilised, instead, it creates excess heat as a result of strong 
thermalisation losses, which accounts for almost 50% of energy conversion. Similar 
constraint encountered in corresponding EQE curves which can be seen in Figure 
5.1(b). 
Reducing these losses in c-Si solar cells may be achievable through the spectrum 
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modification by employing down-converting phosphors as these luminescent materials 
are able to absorb incident radiation with relatively high energy and emit light which 
usually fall into visible region [188-190]. In a down-conversion (DC) process, a 
high-energy incident photon is absorbed by the DC phosphors and re-emitted as two or 
more-lower energy photons at longer wavelengths where the silicon solar cells exhibit a 
strong spectral response [191, 192]. As a consequence, more photons could be exploited 
for the generation of charge carriers, which makes it available to reduce the energy loss 
of short wavelength photons and thus to increase the power conversion efficiency of 
silicon solar cells. It is anticipated that the potential of using a silicon solar cell (Eg = 1.1 
eV) in conjunction with an ideal DC material can obtain a theoretically maximum 
conversion efficiency of 38.6% under non-concentrated sunlight compared to the 
limiting efficiency of 30.9% for the same cell without a luminescent DC layer overlaid 
[191]. 
 
Figure 5.2. Sketch showing the working principle of the luminescent down-converting material. Figure is 
adapted from [161]. 
Spectral modification employed in the current study incorporates a 
composite-luminescent layer comprising down-converting phosphors encapsulated in a 
transparent matrix of ethylene vinyl acetate (EVA) on the front-textured surface of 
mono-Si solar cells, which is shown in Figure 5.2. A portion of incident UV light 
shining on the luminescent layer is absorbed by the phosphor particles and is then 
re-emitted into solar cells as green or blue light. The rest of incident photons that solar 
cell could harness are directly absorbed for photocurrent generation. In addition, a 
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pyramidally textured surface in combination with the non-stoichiometric silicon nitride 
(SiNx) anti-reflection coating is to overcome the effect of Fresnel reflection [195]. 
However, despite the fact that DC process fundamentally increases the overall 
number of electron-hole pairs through each down-converted photon, the re-emitted 
photons still cannot be fully utilised by the underlying solar cell since the emission of 
phosphor is multi-directional and the photons are actually emitted in all directions. This 
can be seen from the enlarged image of the schematic design, as shown in Figure 5.2. 
Typically, a fraction of re-emitted photons escape to the front-side and edge of the cell 
due to the isotropic emission while other ones that strike on the front-side are being lost 
through either direct reflection or re-absorption [61,198, 199]. 
Therefore, the down-converting phosphor particles always serve as photon scatters. 
It is believed that more than half of the photons re-emitted by the down converter could 
contribute to the photocurrent generation when DC material is placed on top of the cell 
since the pyramidally textured SiNx surface could help to compensate for some 
reflection losses and therefore enhance the PV effect. However, the particle size and 
surface coverage of DC materials that affect significantly the light scattering behavior 
are required to be maintained in a certain range for obtaining efficient light trapping in 
silicon solar cells. In terms of the Lorenz-Mie-Debye theory [200], smaller particles 
usually exhibit small scattering cross-section but more equivalent distribution of the 
scattering angles while large particles possess dominant scattering intensity that focused 
primarily on very limited scattering angles. This indicates that larger particles may be 
more suitable for attaining efficient trapping of light in the solar cells due to their large 
cross-section and forward scattering tendency. There exists an optimal particle size to 
achieve maximum light trapping. In general, the amount of scattered light is maximal at 
particle of approximately 100 nm. For particles (such as atoms and molecules) that 
having smaller size below 100 nm, Rayleigh scattering occurs due to the induction of 
dipole oscillations [195,200]. However, in case for the phosphor materials, the smaller 
particles (<100 nm) have larger specific surface area (or surface-to-volume ratio) which 
may induce more non-radiative recombination sites of surface defects, giving rise to a 
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reduction in luminescent quantum efficiency [196]. Particles greater than or equal to 1.0 
μm are larger than the wavelengths of visible light and hence will reflect most of 
incident illumination, and more seriously, it may result in backward scattering, which 
reduces the original transmittance towards the cell surface in both UV and visible 
ranges [195]. In addition, most importantly, the optical properties of the binding layer 
need to be optimised prior to the phosphor integration process, in order to maximise the 
photon harvesting, and thus the enhancement in conversion efficiency. 
The majority of phosphors comprise two fundamental components: a host lattice 
and an activator where in both sides are mainly constituted by the rare earth elements. 
These elements exhibit uniform emission properties when they are doped and function 
as the luminescent centre in the host crystal. This is owing to their unique electronic 
configuration where the electron transition usually occurring within the incompletely 
filled 4f shell, or alternatively, between the 4f and 5d shells, consequently leads to 
luminescence and distinct optical, electrical as well as magnetic properties. Luminescent 
materials in terms of lanthanide phosphors have made great progress in driving the 
lighting and display industry [201].  







, have been extensively investigated and studied due to their efficient 
performance as luminescent materials. Moreover, their high conversion efficiency from 
x-ray wavelengths to visible light, low toxicity, non-deliquescence, high radiation and 
chemical stability, and easy preparation, which has seen their use in a wide range of 
applications such as emissive display devices [201], optical temperature sensors [202], 
oxygen storage [203], x-ray detector systems and scintillators [204]. Ln2O2S (Ln = Gd, 
Y) has a trigonal structure with P-3m1 space group where its crystal structure is 
schematically shown in Figure 5.3. Each Ln atom is bonded to three sulphur (S) and 




Figure 5.3. Schematic crystal structure of Ln2O2S (Ln = Gd, Y). 
Most recently, lanthanide oxysulfide phosphors have also found contributions in the 
domain of photovoltaic device, the intense green emission (λem = 545 nm) of the 
Gd2O2S:Tb
3+
 phosphor under UV excitation (λex = 292 nm), which implies its great 
potential of being used as an efficient spectral converter, in an attempt to reduce the 
spectral mismatch losses while improving the overall light absorption in silicon solar 
cell [212,213]. 
The reason that a submicron Gd2O2S:Tb
3+
 phosphor was chosen in place of a 
commercially available sample was twofold. Firstly, due to the surface texture of the 
mono-Si solar cell, commercial Gd2O2S:Tb
3+
 phosphor particles with large grain size 
(average size around 3.5 micrometres) would not form a close packed thin phosphor 
layer, instead, they would reflect some of the incident light and shade the cell because 
they are larger than the width and depth profile of the textured structures. Secondly, 
according to the reported research work with soft x-ray detectors by using submicron 
Gd2O2S:Pr
3+
 phosphor particles to form a thin phosphor layer, it was found that they 
gave higher detection efficiency than a much larger commercial Gd2O2S:Pr
3+
 sample. 
The higher detection efficiency of the smaller Gd2O2S:Pr
3+
 particles was due to their 
ability to form a thin close packed layer with very few ‘pinholes’, thereby capturing 
more x-rays [213].
 
There are many chemical approaches to fabricate nanometer sized phosphor 
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particles. In the present work, the Tb
3+
-doped Gd2O2S phosphor powder was prepared 
by the homogeneous precipitation method with a subsequent sintering process. This 
synthesis method is on the basis of slow hydrolysis reaction of solute cations, for 
instance, Gd
3+
 for the preparation of gadolinium hydroxycarbonate precursor 
(Gd(OH)CO3:Tb
3+
), which can be simply described as the release of CO2 and NH3 with 





 to the Gd
3+
 as soon as the concentration of reactants reaches critical 
supersaturation, and meanwhile, the precipitation takes place. 
5.2.1 Performance Enhancement through Luminescent Materials 
The integration of a down-converting luminescent layer onto the top surface of a 
silicon solar cell has the opportunities to generate multiple low-energy photons with 
band gap greater than the silicon for each incident high-energy photon, which has also 
attracted a number of researchers to dedicate on the study of spectrum modification so 
as to enhance the energy performance of silicon devices.  
Given the potential of this spectrum enhancement method, many experimental 
works have been conducted. Huang et al. reported an improved light harvesting of 





nanophosphors directly onto the textured surface of crystalline silicon (c-Si) solar cell 
via spin coating technique. An absolute enhancement of 0.7% in power conversion 
efficiency was obtained for the optimised devices [193]. Also, Chen et al have showed 
an absolute enhancement of 0.64% in the power conversion efficiency of a pc-Si solar 
cell by using down-converting KGaGd(PO4)2:Eu
2+
 phosphor dispersed in a polymethyl 
methacrylate (PMMA) matrix [188]. In addition, Hung and Chen demonstrated an 
increase of 6.74 mA/cm
2
 in short-circuit current density corresponding to an 
enhancement around 2.8% in conversion efficiency by spin coating a mixture solution 
of submicron Gd2O2S:Eu
3+
 phosphor impregnated in a poly-vinyl-pyrrolidone (PVP) 




Tahhan et al. achieved 0.54% absolute increase in conversion efficiency of 
commercial p-type monocrystallline silicon (mono-Si) solar cell by applying a 
luminescent composite layer of Gd2O2S (Er0.2, Tb)0.01 phosphor encapsulated in an 
ethylene vinyl acetate (EVA) co-polymer binder on solar cells’ textured surface [214]. 
This work is particularly relevant to the current study, as extensive experimental tests 
are carried out using commercially available silicon PV cells, phosphor particles are 
embedded in an EVA matrix and the mixture of EVA/phosphor are screen-printed on the 
front surface of mono-Si solar cell.  
Down-conversion of a high energy ultraviolet photon to a less energetic red 
emitting photon using luminescent down-shifting technique has also been reported by 
Liu et al, who successfully developed a simple coating of polyvinyl acetate film doped 
with Eu
3+
 complexes onto the surface of c-Si PV module, which achieves an overall 
enhancement of 0.32% in PV module efficiency [215]. 
5.2.2 Encapsulation of Luminescent Materials 
There are several ways to incorporate the DC materials into a PV device or module: 
 Embedding luminescent materials in commercial encapsulants, most commonly 
used encapsulation binders include ethylene vinyl acetate (EVA), 
polyvinylpyrrolidone (PVP), poly vinyl acetate (PVA), and poly methyl 
methacrylate (PMMA). Such polymeric binding agents possess adapted optical 
properties and good thermal stability as to not offset the potential enhancement 
derived from the phosphor materials. Researchers have shown the feasibility of 
mixing various DC materials with these of binders and subsequently coated onto 
the solar cell surface [188, 195]. 
 Doping the luminescent materials on top of glass float PV module [215].  




5.3 Experimental Methods 
In this section, methodologies used to prepare submicrometer-sized terbium-doped 
gadolinium oxysulfide phosphor powder and its integration on the textured surface of 
mono-Si solar cells are described in more details.  
The Tb
3+
-activated Gd2O2S phosphor particles were synthesised through a typical 
two-step process: 
The first step was the preparation of Tb
3+
-doped gadolinium hydroxycarbonate 
precursor (Gd(OH)CO3:Tb
3+
) via a urea-based hydrothermal homogeneous precipitation 
method with minor modifications [216-218]. Since the precipitate is amorphous, the 
morphology of the obtained precursor particle assumes a spherical shape so as to ensure 
a reduction of its free energy. 
The second step was the sulfuration of the Gd(OH)CO3:Tb
3+
, followed by 
appropriate sintering process to produce oxysulfide phosphors. In order to obtain the 
highest luminance in the Gd2O2S:Tb
3+
 phosphor samples, the ratio of Tb
3+
 ions was 
suggested to set to 2 mol% in respect to that of Gd
3+
 molar concentration [212].
 
In this way, the Tb
3+
 ions were doped into Gd2O2S phosphor host lattices and their 
luminescent properties were then characterised. 
Finally, during the layer application process, the as-prepared phosphor powder was 
encapsulated in ethylene vinyl acetate (EVA) co-polymer resin and applied on the 
front-textured surface of solar cell using rotary screen printing technique. 
5.3.1 Preparation of Gd2O2S:Tb
3+
 phosphor particles  
The following chemicals were used as the starting materials in preparation of 
Gd(OH)CO3:Tb
3+ 
precursor powders: gadolinium oxide (Gd2O3) (Ampere Industries, 
France, 99.99%), terbium oxide (Tb4O7) (Neo materials, UK, 99.99%), urea (NH2)2CO 
(Sigma Aldrich, UK, ≥98%), and nitric acid (HNO3) (Fisher Scientific, UK, >68%). 
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Gadolinium nitrate (Gd(NO3)3) (0.25 M) and terbium nitrate (Tb(NO3)3) (0.25 M) 
stock solutions were prepared by respectively dissolving Gd2O3 and Tb4O7 in dilute 
nitric acid until the solution reached pH between 1 to 3. 
Gd(NO3)3 (0.25 M, 50 ml) and Tb(NO3)3 (0.25 M, 1 ml) solutions were mixed with 
deionised (DI) water (900 ml in a beaker). The solution was then heated until boiling, 
followed by the addition of urea (30 g). Figure 5.4 shows the mixed solution being 
heated on a hot plate under vigorous stirring. The solution was boiled until turbidity (see 
Figure 5.4 left) was observed at which point the solution was aged for 1 hour at the 
same temperature. After that, the solution turned from turbidity to milky white, as 
shown in Figure 5.4 (right), which suggests the decomposition of urea and the formation 
of precipitation.  
 
Figure 5.4. Reaction solution was heated at 85 ºC with continuous stirring. 
The precipitates (see Figure 5.5) were then filtered at the pump while still hot, 
followed by washing twice with DI water (100 ml) and then dried in an oven at 100 ºC 
overnight to yield soft precursor powders. The chemical reactions during the fabrication 
process of phosphor precursors are described by the follow equations [210]: 
Hydrothermal decomposition of urea (rate 4% per hour at ~ 100 ºC) supplying 





       (5.1) 
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+ 2H2O → H2CO3 + NH4
+
      (5.2) 
The rare earth element ions are weakly hydrolysed in water and the subsequent release 
of hydronium ions promotes urea decomposition, the resulting release of carbonate ions 
causes precipitation, once the concentration of reactants reaches critical supersaturation, 
[Gd:TbOH(H2O)n]
2+ 




Figure 5.5. The resulting precipitates filtered by a Buchner funnel. Inset image shows the soft precursor 
powders dried at 100 ºC for 24 hours. 
Figure 5.6 shows the sulfuration process of the precursor powders, the as-prepared 
Gd(OH)CO3:Tb
3+
 dry powder was thoroughly mixed with sodium carbonate (Na2CO3) 
(Sigma Aldrich, UK, 99.9%) and sulfur (S) (Sigma Aldrich, UK, 99.9%), compacted 
into an alumina crucible, and then covered with a mixed top layer comprised of Gd2O3, 
Na2CO3 and S in which the molar ratio of the precursor/Gd2O3/Na2CO3/S is 1/1/1.5/2. A 
lid was then placed on the crucible and annealed at 900 ºC for 1 hour. The chemical 
reaction of the Gd2O2S:Tb
3+
 during the sintering process is given as: 
The resulting (Gd(OH)CO3:Tb
3+
) precursor powders were converted to the 
Gd2O2S:Tb
3+
 phosphor by heating at 900 ºC in a sulfur atmosphere, 
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2Gd(OH)CO3 ∙ H2O + 3Na2CO3 + 4S + O2 → Gd2O2S + 5CO2 + 2SO2 +3Na2O + 2H2O 
+ H2S                   (5.4) 
After sintering the top layer was discarded, the bottom layer was then washed in 
boiled DI water (50 ml) for 15 mins before filtration. The obtained precipitates were 
dried again at 100 ºC to yield white soft powders. For comparison, the undoped-Gd2O2S 




Figure 5.6. Schematic diagram of sulfuration method of as prepared Gd(OH)CO3:Tb
3+
 precursor powder. 
Inset photographs show the front and top view of the alumina crucible with the mixed powder filled in. 
 
5.3.2 Formation of the luminescent layer 
The solar cells used in the layer coating process were commercial p-type mono-Si 
solar cell (T6S-3A, Motech Industries, Taiwan) pre-structured with dark silicon nitride 
(SiNx) anti-reflection coatings (ARCs) on the front-textured surface. The SiNx layers 
were deposited by low pressure plasma-enhanced chemical vapour deposition method 
156 
 
(PECVD) with an average thickness of ~ 80 nm. For experimental purposes, the cell 
was previously cut into three equal pieces (15.6 cm × 5.2 cm) using a high-power laser 
(TMX90, CTR, UK). Phosphor particles were encapsulated in ethylene vinyl acetate 
(EVA) resins and then screen-printed on the textured surface of the solar cells using a 
commercial rotary roller (K Lox Proofer, RK PrintCoat Instruments, UK). The coated 
cells with wet films (coated surface area = 5 cm × 5 cm) were dried in a fume hood and 
then cured in a furnace at 190 ºC for 5 mins in order to obtain a glossy and thermal 
stable layer. In this section, preparation of the EVA/phosphor composited layer and 
their integrations onto the surface of mono-Si solar cells are introduced. 
5.3.2.1 EVA and EVA/Phosphor layer preparation 
Preparation of EVA layer was same as described in the previous chapter in which 
the EVA (Elvax 150, DuPont, USA) foils were dissolved p-xylene solvent in different 
ratios of 9, 12, 15, 18 and 21 wt% respectively. In such way, the best weight ratio (wt%) 
of EVA to phosphor particles that potentially contributes to an optimum enhancement in 
solar cells’ electrical performance can be determined and then selected for mixing with 
the luminescent phosphor materials. The EVA sheet was previously cut into small 
shreds in convenience for facilitating the dissolving process. Next, EVA and p-xylene 




 fabricated at Centre for Phosphor and Display 
Materials at Brunel University was used in the experiment. In a typical procedure, a 
stoichiometric amount of phosphor powder was weighed and dispersed in p-xylene 
using an ultrasonic bath. A series of solutions containing the Gd2O2S:Tb
3+
/p-xylene with 
1.0, 1.5, 2.0, 2.5, and 3.0-mg/ml particle densities was prepared and then separately 
mixed with various amounts of EVA shreds to fix an EVA ratio at 15-wt% in each of 
photo-luminescent solution, since this ratio has given rise to a homogeneous EVA layer 
applied onto solar cell as well as exhibiting superior optical transmission and reflection 
properties to other ratios of solely EVA coatings, which potentially contributes to the 
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maximum enhancement in conversion efficiency. When the solution became colloidal 
(see Figure 5.7) it was left at 30-35 ºC under continuous stirring until uniform solutions 
were formed. The solution of undoped-Gd2O2S/p-xylene was prepared in the same route 
for comparison. 
  
Figure 5.7. Preparation of EVA/p-xylene/Gd2O2S:Tb
3+
 solution where the glass beaker is placed on top of 
the hotplate magnetic stirrer. 
 
5.3.2.2 Layer application 
In the current study, the integration of EVA and EVA/Phosphor layer on top of 
mono-Si solar cells are performed through the application of rotary screen printing 
technique by using a commercial rotary roller. This printing method is actually a 
reformative roll-to-roll (R2R) process based on the screen printing where the screen is 
of a cylinder shape and the substrates (the silicon solar cells) are usually placed at the 
bottom of the rotary screen as they are fragile. 
 




Figure 5.8(a) schematically illustrates the layer coating process where the solar cell 
was fixed at the laboratory table by using a low tack masking tape (Mercateo, UK). The 
coater used in current study {see Figure 5.8(b)} (K Lox Proofer, RK PrintCoat 
Instruments, UK) consists of an engraved roller and a rubber roller assembled in a 
support holder that connected with a wood handle. During the coating process, the 
solution of EVA or EVA/Phosphor mixture is placed between the engraved- and 
rubber-roller as shown in Figure 5.8(a). Next, by slowly pushing the handle, the rubber 
roller is smoothly drawn over the solar cell, meanwhile bringing the solution in contact 
with the cell’s surface, and eventually formed a uniform coating with a coated area of 5 
cm × 5 cm and an average wet-film thickness of ~2 μm. It is worth noting that the two 
metal counterweights mounted outside the engraved roller on both sides, are used to 
ensure constant pressure between the rollers, and thus consistent prints for each coated 
substrate. In addition, the quartz slides and silicon wafer are also coated in the same 
manner to obtain the optical features of the deposited thin layers. 
Again, once the wet film was formed, the coated cells were dried in a fume hood 
and then cured in a furnace at 190 ºC for 5 minutes at a heating rate of 10 ºC/min. 
Figure 5.9 shows a sample of solar cell coated with EVA/Gd2O2S:Tb
3+
 composite layer 
under UV light illumination where on top surface, the coated area shows a highly 
uniform green emission, which indicates that the luminescent material was successfully 
deposited on the cell surface. The fabrication process of the EVA/Gd2O2S:Tb
3+
 
modified mono-Si solar cell is illustrated in Figure 5.10. 
 
Figure 5.9. A photograph of solar cell coated with EVA/Gd2O2S:Tb
3+





Figure 5.10. Flow diagram showing the fabrication process of Gd2O2S:Tb
3+
 and the integration of 
composite material (EVA/Gd2O2S:Tb
3+
) on textured surface of mono-Si solar cell. 
5.3.3 Instruments used for experiment 
The instruments used in this chapter for demonstrating the experimental results of 
improved photovoltaic performance of commercial model T6S-3A mono-Si solar cells 
via down-converting phosphor materials are similar to those that have been used for 
evaluating the solar cells performance through the application of TiO2-based 
nanoaerogels coatings (as described in Chapter 4), and there are few categories of 
equipments updated, such as the monochromatic ellipsometer and dual-monochromator 
system with the purpose of characteristing the optical and luminescent properties of the 
synthesised phosphor powders. The detailed functions of corresponding apparatus in 





5.4 Results and Discussion 
5.4.1 Phosphor characterisation  
In this section, comparative results from x-ray powder diffraction, field emission 
scanning electron microscopy, scanning transmission electron microscopy and 
photoluminescence spectroscopy studies on the microstructure and luminescent 
properties of the synthesised Gd2O2S:Tb
3+
 and undoped Gd2O2S are reported. 
5.4.1.1 X-Ray Powder Diffraction (XRPD) 
X-ray powder diffraction (XRPD) is used to determine the crystal phase of the 
resulting phosphors. Figure 5.11 presents the XRPD patterns of the as-synthesised 
Gd2O2S:Tb
3+
 and undoped-Gd2O2S samples calcined at 900 ºC.  
 
Figure 5.11. XRPD patterns of Gd2O2S:Tb
3+
 and undoped-Gd2O2S samples annealed at 900 ºC for 1h in 
air atmosphere, compared to that of uncalcined precursor powder. 
The obtained result indicates that the fired particles show the characteristic XRPD 
pattern of hexagonal Gd2O2S crystal, the representative diffraction peaks at 13.29º 
(13.27º), 26.72º (26.69º), 29.95º (29.89º), 38.16º (38.12º), and 40.59º (40.56º) for 








































































 and undoped-Gd2O2S can be indexed to the (001), (100), (101), (102), and 
(003) plane of the hexagonal Gd2O2S phase respectively, which are in good accordance 
with the standard JCPDS data file (No. 26-1422), and no other detectable XRPD 
patterns were found, indicating that the resultant products are highly purified, and that 
the doping ion (Tb
3+
) induces little variation in the Gd2O2S host crystal structure. The 
estimated crystallite sizes, hexagonal lattice parameters, and interplanar spacing of the 
synthesised Gd2O2S samples are summarised in Table 5.1. 
Table 5.1. The crystallite size and hexagonal lattice parameters of Gd2O2S:Tb
3+
 phosphor and Gd2O2S 
host particles from XRPD data. 
Sample Crystallite 
Size (nm) 
a (Å) c (Å) (hkℓ) dhkℓ (Å) 
Gd2O2S:Tb
3+
 157.4 3.854 6.667 100 3.334 
Undoped Gd2O2S 158.2 3.852 6.666 100 3.337 
5.4.1.2 Photoluminescence properties of Gd2O2S:Tb
3+
 phosphor 
Figure 5.12 shows the PL and photoluminescence excitation (PLE) spectra of 
Gd2O2S:Tb
3+ 
measured at room temperature. The excitation spectrum shows a wide 
absorption band from 250 nm to 334 nm with a peak maximum at 292 nm. When the 
calcined Gd2O2S:Tb
3+
 phosphors were excited by 292 nm UV light, the emission bands 





Figure 5.12. Excitation (λem = 543 nm) and emission (λex = 292 nm) spectra of Gd2O2S:Tb
3+
 particles 
calcined at 900 ºC for 1 h. The inset shows the schematic energy level diagram of a free Tb
3+
 cation with 
proposed excitation and emission process, and a photograph of as-prepared phosphor sample showing 
bright green emission under irradiation with a 365 nm quartz tube lamp. 
Among them, the green emission at 543 nm is the most intense band, with PL intensity 
reaching 39.1% in comparison with that of values for the sub-emission bands centred at 




F5 energy level transitions of Tb
3+
 cations, as is revealed in the inset plot of 
Figure 5.12. This transition also proved for the intense green luminescence that can be 
seen by the naked eye under the irradiation of an UV lamp (see inset photograph in 
Figure 5.12).  
The colour coordinate for the Tb
3+ 
doped sample is x = 0.339 and y = 0.586, which 
is located in the green region of the CIE 1931 chromaticity diagram, as shown in Figure 
5.13. The result suggests that this phosphor can be a candidate as an adapted green 
phosphor for UV-blue lights.  






























































































Figure 5.13. CIE chromatic diagram showing the x and y coordinates of Gd2O2S:Tb
3+
 sample excited by 
254 nm UV light. 
To evaluate the performance and the emission efficiency of Tb-doped phosphor for 
solar cell applications, the PL quantum yield (QY) measurements are performed. Table 
5.2 summarises the QY (η) and energy absorption efficiency (φ) of the synthesised 
Gd2O2S:Tb
3+
 at excitation wavelength of 254 and 292 nm respectively. In present work, 
the QY (η) and (φ) were measured within an integrating sphere by using the absolute 
optical method presented by De Mello et al [219]. Results indicate that under excitation 
wavelength at 292 nm, the measured QY (η) and (φ) of the Gd2O2S:Tb
3+
 
submicron-hexagons show the highest values of 47.3% and 57.2% respectively, which 
conforms to the required luminescent down-converter QY value of 40% to improve the 
energy performance of solar cell devices [220].
 












Ex 254 nm 40.9 50.3 




These obtained results also suggest that the as-prepared Gd2O2S:Tb
3+
 phosphor 
possesses the down-converting properties by absorbing and converting high-energy UV 
photons into to the visible spectrum which could potentially contribute to enhanced 
photocurrent production, thus raising the conversion efficiency of mono-Si solar cells. 
5.4.1.3 Crystal structures and morphological analysis 
Figure 5.14(a) and (b) show the typical FE-SEM micrographs of synthesised 
Gd2O2S:Tb
3+
 and undoped-Gd2O2S particles fired at 900 ºC. It can be seen that all the 
samples exhibit smooth and well-formed crystals although there is some agglomeration. 
Most of the particles have truncated spherical-like shape and they are smaller than 200 
nm, which is more than 15 times smaller in diameter than that of commercial Gd2O2S 
phosphors. The corresponding average particle size obtained from Lorentzian fitting of 
FE-SEM observations is 160.3 nm for Gd2O2S:Tb
3+
 and 161.1 nm for undoped-Gd2O2S 
(with determination coefficient R
2
 values of 0.911 and 0.971 respectively), as 
demonstrated in the histograms presented in Figure 5.15. These results are consistent 
with the calculated data from the XRPD measurements (see Table 5.1). 
 
Figure 5.14. FE-SEM images of (a) representative Gd2O2S:Tb
3+
 and (b) undoped-Gd2O2S particles fired 




Figure 5.15. Histogram of (a) Gd2O2S:Tb
3+
 and (b) undoped Gd2O2S submicron phosphor samples 
showing Lorentzian curve fit in red. 
Figure 5.16 shows the energy dispersive X-ray spectroscopy (EDS) spectra of the 
prepared phosphor powder sample from the FE-SEM observations. The presence of Tb 
in the prepared phosphor could be clearly seen from the corresponding EDS spectra. 
Furthermore, the results confirmed the existence of gadolinium (Gd), sulfur (S), and 
oxygen (O) elements in both synthesised powder samples. The additional peaks in the 
spectra with respect to carbon (C) is ascribed to the background (conductive carbon 
film), and there appeared to be less intense emissions regarding sodium (Na). This is 
caused by the insufficient separation between the bottom phosphor layer and the 
discarded top layer resulting from the sampling process (see Figure 5.6) where at their 
interface, small amounts of Na2CO3 may be blended with the phosphor layer after the 
sintering. However, for the moment, no data regarding the effects of Na element on 
either the luminescence intensity or the luminous efficacies of the Gd2O2S phosphors 




Figure 5.16. EDS spectra of (a) Gd2O2S:Tb
3+
 phosphor and (b) undoped-Gd2O2S host materials. 
Table 5.3. Elemental composition of Gd2O2S:Tb
3+
 and undoped-Gd2O2S powder samples from the EDS 
spectra. 
Gd2O2S    
Sr. N Elements Atomic (%) Weight (%) 
1 O K 41.85 9.63 
2 S K 22.89 10.56 
3 Gd L 35.26 79.81 
Total  100 100 
Gd2O2S:Tb
3+
    
    Sr. N Elements Atomic (%) Weight (%)  
1 O K 42.13 9.16 
2 S K 19.32 8.43 
3 Gd L 37.68 80.53 
4 Tb L 0.87 1.88 
Total  100 100 
The background element such as C has been removed from the composition analysis. 
Figure 5.17 shows the high angle annular dark field (HAADF) STEM images of the 
Gd2O2S:Tb
3+
 particles fabricated in this work. In Figure 5.17(a), the discrete particles of 
roughly hexagonal shape with apparently a smooth surface can be clearly observed. In 
Figure 5.17(b), the light distribution image of a small cluster is seen, and the 
distribution of light appearing from part of the crystals is fairly uniform where some 
areas are brighter. The overlay image {see Figure 5.17(c)} shows the high uniformity of 




Figure 5.17. STEM micrographs of (a) single crystals of Gd2O2S:Tb
3+
; (b) total visible light (CL) image 
using the VULCAN detector; (c) overlay of images of (a) and (b). 
 
5.4.2 EVA Layer 
Figure 5.18 shows the transmission spectra of quartz substrates coated with solely 
EVA layers after the annealing process. Results indicate that EVA layers that were 
dissolved in p-xylene solvent at different weight ratios of 9, 12, 15, 18 and 21-wt% 
show outstanding transmission properties especially in the visible region of wavelength 
from 400 to 850 nm in comparison with that of a quartz substrate and the decrease of 
transmission value is accompanied by the increased EVA ratio, which can be clearly 
observed from the inset plot in Figure 5.18.  
Since in the current study, the thickness of wet film for each case of coated cell that 
obtained by rotary screen printing is determined by the distance between the rubber and 
engraved roller, as well as the volume of coating solution, which are fixed during the 
coating process. In this case, a higher wt% usually gives a thicker dry-film thickness 
and thus more EVA content in the prepared layer. Hence, it contains more additives such 
as chemical curing agents, stablisers, and antioxidants which in turn results in a slight 




Figure 5.18. Transmission spectra of solely EVA layers with different weight ratio (wt%) deposited on the 
quartz substrates. 
Figure 5.19 shows the reflection spectra of the uncoated cell and solar cells coated 
with solely EVA layers. Solar cells coated with EVA layers at tested wt% ratios show 
overall less reflectance in comparison with that of the uncoated solar cell over the 
measured wavelength range of 250 to 850 nm. In addition, the significant reduction in 
reflectance at wavelength of 250 to 400 nm can be clearly observed. This is attributed to 
the promotion of light trapping within the UV region resulting from the intrinsic 
anti-reflective properties of EVA raw materials. The obtained results also achieves good 
agreement with the relevant results in respect to the EVA’s optical properties as reported 
in literature where the EVA films used for the encapsulation of silicon solar cell possess 




Figure 5.19. Reflection spectra of uncoated cell and solar cells coated with different ratios of EVA. 
Table 5.4 summarises the effects of EVA coatings at tested weight ratios on the 
electrical characteristics of the mono-Si solar cells where the J-V curve for the optimum 
coating condition is shown in Figure 5.20. It was found that coated cell with solely EVA 
at 15-wt% ratio provides the best electrical performance compared to other ratios of 
solely EVA coatings, with conversion efficiency reduced by 0.07% (from 16.43% to 
16.36%), which potentially contributed to maximising the PCE enhancement. As 
indicated the EVA serves as binder for the phosphor particles and these layers tend to 
slightly reduce the solar cell’s efficiency. In this case, it is pivotal to find a certain wt% 
of EVA that decreases efficiency by the smallest amount. Furthermore, since EVA 
coated cell with 15, 18, and 21-wt% exhibit similar reflectance performance in both UV 
and visible region (see Figure 5.19), the lower wt% may contribute to an increase in 
overall transmission of the resultant luminescent layer. Therefore, the ratio of 15-wt% 
was selected for mixing with the phosphor materials. 










in η (%) 
EVA 9 16.45 16.24 -0.21 
EVA 12 16.38 16.25 -0.13 
EVA 15 16.43 16.36 -0.07 
EVA 18 16.40 16.30 -0.10 
EVA 21 16.44 16.28 -0.16 
































Figure 5.20. Photovoltaic J-V curves of mono-Si solar cell before and after coating with 15 wt% EVA 
examined at 1000 W/m
2
 and 25 ºC, with illuminated surface area of 8.553 cm
2
. Inset shows a photograph 
of mono-Si solar cell with and without an EVA layer. 
5.4.3 EVA/Gd2O2S:Tb
3+
 and EVA/Gd2O2S layer 
5.4.3.1 Electrical characteristics  
Figure 5.21 presents and compares the J-V curves of bare, solely EVA (15-wt%) 
binder-coated, EVA/Gd2O2S:Tb
3+-
coated, and EVA/undoped-Gd2O2S-coated solar cells 
at their maximum enhanced conversion efficiency. The corresponding electrical 
characteristics that were obtained are summarised in Table 5.5. The bare mono-Si solar 
cell exhibited a power conversion efficiency (PCE) of 16.43%, a short-circuit current 
density (Jsc) of 37.85 mA/cm
2
, and an open-circuit voltage (Voc) of 604.6 mV. After 
coating with 15-wt% EVA on the textured surface, the J-V characteristics showed 
negligible variations in Voc (603.5 mV) and Jsc (37.82 mA/cm
2
), giving rise to a marginal 
decrease of 0.07% (from 16.43% to 16.36%) in PCE. 
The highest increase in Jsc and Voc, corresponding to a maximum enhancement of 
3.6% (from 16.43% to 17.02%) in PCE compared with that of bare cell, was achieved 
by applying EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml particle density) on the cell’s textured 
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surface. This coating led to a relative increase of 2.5% in Jsc (from 37.85 to 38.81 
mA/cm
2
), which is most likely the factor that contributed to the enhancement in PCE. 
Other electrical parameters such as maximum power (Pmax) and fill factor (F.F.) also 
exhibit varying degrees of increase. In comparison, the enhancement brought by the 
EVA/undoped Gd2O2S coating at same particle density is less obvious, with Jsc 
increased by 1.5% (from 37.85 to 38.40 mA/cm
2
), corresponding to an overall increase 
of 2.3% (from 16.43% to 16.80%) in conversion efficiency. This phenomenon is due to 
the absence of doping agent (Tb
3+
) and thus the lack of certain UV photons for 
subsequent down conversion process, in such case, the improved light absorption is 
solely expected to benefit from the light scattering of the host particles. 
 
Figure 5.21. J-V curves of mono-Si solar cells with the following configurations: a bare cell, a cell coated 
with solely EVA (15-wt%) binder, a cell coated with EVA/undoped-Gd2O2S (2.0-mg/ml), and a cell 
coated with EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml). Inset shows a digital photograph of solar cell coated with 
EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml) composite layer irradiated by UV light. 
 In addition, the results demonstrate that the enhancement contributed from both 
dispersed phosphor and host particles at different concentrations in EVA binder can be 
achieved (see Table 5.5 and Figure 5.22). As illustrated in Figure 5.22, in both cases, the 
enhancement coefficient started to drop when the particle density exceeded 2.0-mg/ml, 
and eventually, the conversion efficiency began to deteriorate when the particle 
concentrations were higher than around 2.7-mg/ml. The reduction in PCE at 3.0-mg/ml 



























































































particle density may have been caused by the significant backward scattering arising 
from the serious particle aggregation.  














Uncoated 37.85 604.6 0.1405 71.81 16.43 
Cell/EVA 37.82 603.5 0.1399 71.71 16.36 
Cell/EVA/Gd2O2S:Tb
3+ (1.0 mg/ml)  38.04  605.3 0.1415 71.88 16.54 
Cell/EVA/Gd2O2S:Tb
3+ (1.5 mg/ml) 38.40 606.9 0.1440 72.19 16.83 
Cell/EVA/Gd2O2S:Tb
3+ (2.0 mg/ml) 38.81 608.0 0.1456 72.15 17.02 
Cell/EVA/Gd2O2S:Tb
3+ (2.5 mg/ml) 38.42 605.8 0.1430 71.90 16.72 
Cell/EVA/Gd2O2S:Tb
3+ (3.0 mg/ml) 37.56 598.5 0.1377 71.60 16.10 
Cell/EVA/Gd2O2S
       (1.0 mg/ml) 37.90 604.6 0.1407 71.83 16.45 
Cell/EVA/Gd2O2S
       (1.5 mg/ml) 38.19 605.6 0.1421 71.86 16.61 
Cell/EVA/Gd2O2S
       (2.0 mg/ml) 38.40 606.4 0.1437 72.12 16.80 
Cell/EVA/Gd2O2S
       (2.5 mg/ml) 38.12 604.9 0.1417 71.83 16.57 
Cell/EVA/Gd2O2S
       (3.0 mg/ml) 37.50 598.7 0.1374 71.63 16.06 
 
 
Figure 5.22. Enhancement in PCE of mono-Si solar cells coated with different concentrations of 
Gd2O2S:Tb
3+
 and Gd2O2S (blank) materials. 
5.4.3.2 Optical Properties  
In order to clarify the underlying mechanism for the observed efficiency 
enhancement, the reflectance measurements were performed. Figure 5.23 presents the 
reflectance and absorption spectra of uncoated solar cell and EVA/Gd2O2S:Tb
3+ 








































 EVA/Gd2O2S (Blank) 1 
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phosphor-coated cells at tested concentration. Comparing with the bare solar cell, the 
coated cell with EVA/Gd2O2 S:Tb
3+ 
at concentration of 1~2.5-mg/ml exhibit overall 
reduction in reflectance and higher absorbance over the measured spectral wavelength 
range of 200 to 850 nm.  
 
Figure 5.23. Comparison of reflectance and absorption spectra for uncoated and coated cells with 
EVA/Gd2O2S:Tb
3+
 at different phosphor concentrations. 
Among them, the coated cell with EVA/Gd2O2S:Tb
3+
 at 2.0-mg/ml particle density 
shows a more significant reduction in the reflectance around the spectral region of 300 
nm. This can be better explained by comparing the reflectance spectra with its 
corresponding EVA/undoped-Gd2O2S-coated cell, as shown in Figure 5.24. As can be 
seen from Figure 5.24(a), in the range of wavelength below 400 nm, the reflectance 
dropped because of the absorption of UV photons by Gd2O2S:Tb
3+
 phosphor particles. 
174 
 
The drastic reduction particularly in the UV-region of 290 to 380 nm by absorbing 
high-energy incident photons eventually achieved an overall reduction by almost 20% 
compared to that of a bare cell.  
 
Figure 5.24. Comparison of reflectance and absorption spectra for uncoated and coated cells with solely 
EVA, EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml), and EVA/undoped-Gd2O2S (2.0-mg/ml). 
On the other hand, as shown in Figure 5.24(b) where in the range of wavelength above 
400 nm, the absorption spectrum shows obvious increase in light absorption in the 
spectral range from 500 nm to 850 nm, since there is no PLE signal presented in the 
excitation spectrum (see Figure 5.12), therefore, the improved light absorption is 
associated with the light scattering from the phosphor particles. Similarly, in the case of 
EVA/undoped-Gd2O2S coated cell, analogous levels of light absorption in the visible 
region can be also observed. This is most likely because of the light scattering provided 
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from the hexagonal Gd2O2S particles, which is believed to be essential for partially 
trapping and coupling of normally incident photons into the solar cells’ active layers 
[161]. By contrast, the higher value of reflectance at UV-blue wavelengths compared to 
that of EVA/Gd2O2S:Tb
3+
 coated device is ascribed to lacking functional features of UV 
absorbing ability without the presence of Tb doping agent in the host crystal. 
 However, as can be seen from Figure 5.23 where the reflectance spectrum of solar 
cell that coated with EVA/Gd2O2S:Tb
3+
 at 3.0-mg/ml particle density shows slight 
higher reflectance value in the visible range of 500 to 750 nm than that of uncoated cell, 
and comparably higher reflectance to those of solar cells with lower concentration of 
phosphor coatings, which is largely due to the serious particle aggregation. At higher 
concentration, the substantial absorption in the UV region by Gd2O2S:Tb
3+
 phosphors 
that may induce thicker phosphor films on the solar cell surfaces which undermines the 
original light-trapping capability from the solar cell’s intrinsic textured surface and this 
will become more apparent with the increasing of areal particle density whether they are 
doped or undoped. As a result, it creates shading on the pyramid textured surface that 
affected significantly the original transmittance towards the cell in both UV and visible 
region, which in turn overshadowed the DC effects. This may also explain the reduction 
in corresponding electrical performance. 
 To further validate the obtained results regarding the efficiency enhancement, 
ellipsometry measurements on the deposited thin layers are carried out by coating a 
silicon wafer substrate using the same approach as preparing for the solar cells. The 
aims were to find out the optical refractive index “n” as well as the thickness “d” of the 
fabricated EVA/Phosphor composited films.  
 Due to the wavelength dependency, the refractive index is measured with 
monochromatic light at operating wavelength of 632.8 nm at 25 ºC. Table 5.6 
summarised the measured RI value and thickness for solely EVA coated, 
EVA/Gd2O2S:Tb
3+
 and EVA/undoped-Gd2O2S-coated thin films at different positions on 
their corresponding silicon wafer substrates as indicated in Figure 5.25. The measured 




Table 5.6. Index of refraction (n) and film thickness (d) at 638.2 nm. 
Position Refractive Index Thickness 
(nm) 
(a) 1 1.644 1324.4 
(a) 2 1.593 1494.3 
(a) 3 1.543 1606.1 
(a) 4 null null 
 Average: 1.593 Average:1474.9 
(b) 1 1.572 1509.2 
(b) 2 1.563 1536.3 
(b) 3 null null 
(b) 4 1.553 1482.9 
(b) 5 1.556 1439.1 
 Average: 1.561 Average: 1491.9 
(c) 1 1.472 1332.8 
(c) 2 1.482 1368.8 
(c) 3 1.480 1315.9 
(c) 4 1.495 1303.6 
 Average: 1.482 Average: 1332 
 
 
Figure 5.25. Pie charts showing the recorded beam positions of coated films on top of silicon wafer; (a) 
EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml), (b) EVA/undoped-Gd2O2S (2.0-mg/ml), (c) solely EVA (15-wt%). 
It is noteworthy that a matrix with a proper RI value is conductive, thus minimising the 
Fresnel reflection loss during the light absorption at the interface. As described in the 
previous chapter, to obtain the minimum reflection in a single-layer of anti-reflection 
coating (ARC), the refractive index of a typical antireflective material is expected to be 
approximate to the square root of refractive indices of the materials that bounding the 
coating [97]. As in our case, the deposited composite layer of EVA/Gd2O2S:Tb
3+
, 





and n = 1.482 respectively, in each case, the coated layer is able to provide improved RI 
matching when sandwiched between the SiNx layer and air, which can be potentially 
served as an alternative anti-reflection coating [193].
 
5.4.3.3 External quantum efficiency characterisation  
 External quantum efficiency measurements were performed to clarify the underlying 
mechanisms for the enhanced solar cell efficiency. The recorded EQE spectra are shown 
in Figure 5.26.  
 
Figure 5.26. (a) EQE curves at maximum enhancement for solar cells integrated with Gd2O2S submicron 
phosphors; (b) enhancement factor of EQE for solar cells coated with solely EVA, EVA/Gd2O2S:Tb
3+
, and 
EVA/undoped-Gd2O2S, compared to that of bare cell. 
 The EQE value for binder-coated cells is fairly close to that of bare cells and is 
slightly higher at wavelengths of 300-380 nm, which coincides with the obtained 
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reflectance results (see Figure 5.24). Moreover, the solar cell coated with 
EVA/Gd2O2S:Tb
3+
 composite layer shows overall higher EQE value than the bare cell 
throughout the entire wavelengths range of 300 to 1100 nm, and a maximum relative 
enhancement over 19% in the UV regions was observed, indicating explicitly that the 




Since a large proportion of electron-hole pairs derived from absorbing high energy 
photons usually situated near the solar cell surface, the photo-generated carriers 
subsequently consume and disappear easily through their recombination due to the 
surface defects, which may in turn give rise to inferior carrier collection possibilities 
[195]. Nevertheless, since the phosphor particles are deposited onto the front surface of 
mono-Si solar cell, a greater number of photons can be absorbed closer to the solar 
cell’s depletion region for photo-current generation as soon as the UV photons are down 
converted to the visible region of solar spectrum. With the effect of internal electric 
field (E-field), the photo-generated electron-hole pairs will be instantaneously separated, 
and thus the enhancement in PV effect.  
 As for the enhanced EQE response above 400 nm, the observed increase of EQE for 
both undoped-Gd2O2S and Gd2O2S:Tb
3+
 cases are in consistent with the variation of 
corresponding reflectance spectra, as illustrated in Figure 5.26. This enhanced behavior 
was mainly attributed to the improved light trapping on the basis of scattering by the 
submicrometer Gd2O2S hexagons. However, the reduced EQE value for 
EVA/undoped-Gd2O2S in comparison with that of EVA/Gd2O2S:Tb
3+
 particularly near 
the UV region (300 to 420 nm) proves that the doping ions (Tb
3+
) is solely responsible 
for the absorption of UV photons and later on the DC process for further photocurrent 
generation of mono-Si solar cells. These results also demonstrate that the integration of 
Gd2O2S:Tb
3+
 phosphor particles on the textured surface of mono-Si solar cells are able 
to increase the EQE within UV-region via DC effects and at longer wavelength through 
light scattering.  
 In addition, most importantly, the EVA binder used to encapsulate the phosphor 
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particles to the solar cell exhibits excellent visible light transmittance and also good 
light absorption particularly at short-wavelengths of UV-region {see Figure 5.18 and 
Figure 5.24(b)}, which did not disrupt the original DC functionality and uniform light 
scattering effect of the phosphor particles.  
 Figure 5.26(b) plots the enhancement factor for coated cells with maximum 
enhancement in EQE relative to those for a bare cell. The cells coated with 
EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml) achieved the maximal EQE enhancement factor (˃1.15, 
at 300-400 nm and >1.03 at 400-1100 nm), followed by the cells coated with 
EVA/undoped-Gd2O2S (2.0-mg/ml) (>1, at 410-1100 nm), and then by solar cell coated 
with solely EVA (15-wt%) binder (˃1, at 300-400 nm). 
5.4.3.4 Microstructure of the EVA/phosphor-coated cell 
Figure 5.27 displays the cross-section image of a mono-Si cell after coating with 
EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml particle density) using rotary screen printing technique. 
It shows clearly the morphology of pyramidally textured silicon surface and the coated 
luminescent layer composed of EVA/Gd2O2S:Tb
3+
 with an average thickness of 1.56 μm, 
which is close to the result of 1.47 μm that acquired from ellipsometry measurements. 
In addition, it can be seen that some of the Gd2O2S:Tb
3+
 particles are deposited onto the 
cell’s surface through rotary screen printing, and most of the particles are well 
encapsulated by the EVA binder.  
 






The EDS results (see Figure 5.28) from the frontal-scanning area of coated cells 
confirmed that the deposited layers contain gadolinium (Gd), oxygen (O), sulphur (S) 
and terbium (Tb) elements. The additional intense peak in regarding to carbon (C) is 
from the EVA binder and silicon (Si) due to the textured silicon surface of the solar cell. 
 
Figure 5.28. EDS spectrum and top-view SEM image of solar cell coated with EVA/Gd2O2S:Tb
3+
 at a 













5.5 Energy Performance Enhancement of Crystalline Silicon 
Solar cells Using Broadband Luminescent Down-converting 
Phosphor 
5.5.1 Introduction 
This section presents the experimental attempts of using broadband 
ultraviolet-spectral DC material for enhancing the spectral response and photovoltaic 
performance of mono-Si solar cells. The down-converting material employed in the 
experiment is Eu
2+
-doped strontium aluminate (SrAl2O4:Eu
2+
) where the phosphor 
material was encapsulated in Ethylene Vinyl Acetate (EVA) co-polymer resin and 
applied on the textured surface of solar cell using rotary-screen printing technique. 
Results from x-ray powder diffraction (XRPD), field emission scanning electron 
microscopy (FE-SEM) and photoluminescence spectroscopy studies on the 
microstructure and luminescent properties of the materials are reported. 
5.5.2 Experiment method 
The SrAl2O4:Eu
2+ 
phosphor was prepared by the high temperature solid state 
reaction method. This technique usually requires a heating of solid compounds at 
elevated temperature, which is recognised as the most suitable way to fabricate oxide 
luminescent materials with high emission intensity and crystallinity. The formation 
process of host and dopant through that of solid compounds is affected by many factors, 
such as the purity of the starting chemicals, the reaction temperature and ambient 
conditions [231]. The precursor materials used were strontium carbonate (SrCO3 
(99.9%)), aluminum oxide (Al2O3 (99.9%)), and europium oxide (Eu2O3 (99.9%)). All 
regents were used without further purification. 
In a particular experiment, stoichiometric amounts of raw materials were mixed and 
grinded through ball milling. The ratio of Eu element in Eu2O3 was set to 3 mol% with 
regard to that of SrAl2O4 molar concentration. Then grinded hybrids were placed in an 
alumina crucible and fired in a reduced atmosphere at 1350 ºC for 3 hours. The reducing 
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atmosphere are generated with the help of 95% nitrogen (N2) and 5% hydrogen (H2) in 




 ions. At last step, after a natural cooling process, the 
sintered products were re-milled again and sieved to obtain fine powder. 
The as-prepared SrAl2O4:Eu
2+
 phosphor powder was firstly dispersed in p-xylene to 
obtain a 2.0, 2.5, 3.0, 3.5, and 4.0-mg/ml solution and then separately mixed with a 
certain amount of EVA sheets. The mixture solution was then screen-printed on the 
textured surface of the solar cells (T6S-3A, Motech Industries, Taiwan) using the rotary 
roller. The coated cells were finally cured in a furnace at 190 ºC for 5 mins. 
5.5.3 Results and Discussion 
Figure 5.29 shows the x-ray powder diffraction (XRPD) pattern for as-prepared 
SrAl2O4:Eu
2+
 DC phosphor. After the precursor is sintered at 1350 ºC, two types of 
diffraction peaks have appeared in the XRD pattern. The intense peaks at 2θ = 19.96º, 
28.46º, 29.29º, 29.94º and 35.12º are ascribed to the diffraction of (011), (-211), (220), 
(211), and (031) plane of monoclinic SrAl2O4 crystal phase, matching well with the 
standard card (JCPDS 34-0379).  
The excitation and emission spectra of as-prepared SrAl2O4:Eu
2+
 phosphor is 
shown in Figure 5.29(b). From the excitation spectrum, a broad excitation band from 
250 nm to 500 nm can be observed, with a full width at half maximum (FWHM) 
reaching almost 100 nm. The most intense peak is centred at 358 nm. Furthermore, the 
PL spectrum shows a broad emission band from 450 nm to 650 nm under 358 nm 









S7/2) transition. The Stokes shift of the Eu-doped phosphor was estimated to be 




Figure 5.29. (a) XRPD pattern of SrAl2O4:Eu
2+
 annealed at 1350 ºC for 3h. (b) PLE and PL spectra of 
SrAl2O4:Eu
2+
 at room temperature. Inset shows the digital photograph of as-prepared phosphor under 365 
nm illumination. 
Figure 5.30(a) and (b) show the typical FE-SEM micrographs of synthesised 
SrAl2O4:Eu
2+
 phosphor. The micrograph {Figure 5.30(a)} shows a non-uniform 
distribution of particles and generally they are of irregular shape with smooth surface 
and well-formed crystalline forms. Unfortunately, the statistical analysis of the size 
distribution from SEM data was difficult to obtain due to the serious particle 
aggregation. The size ranges of 800 nm to 3.5 μm were measured from those 
well-discrete particles. The EDS spectra {see Figure 5.30(c)} obtained from the 
top-view of coated cell confirms that the deposited layers contain the chemical elements 
such as strontium (Sr), aluminium (Al), oxygen (O), and europium (Eu). The additional 





Figure 5.30. (a), (b) FE-SEM micrographs of SrAl2O4:Eu
2+
 annealed at 1350 ºC. (c) EDS spectra of 
EVA/SrAl2O4:Eu
2+
 composite film deposited on mono-Si solar cell. Inset SEM micrograph shows the 
top-view of coated cell. 
 Figure 5.31(a) shows and compares the J-V curves of uncoated-, solely EVA-coated, 
and EVA/SrAl2O4:Eu
2+
-coated solar cells (3.0-mg/ml). Detailed electrical characteristics 
of all evaluated cells are summarised in Table 5.7. The power conversion efficiency 
(PCE), short circuit current density (Jsc), open circuit voltage (Voc), and fill factor (FF) 
for bare cell were 16.43%, 37.87 mA/cm
2
, 604.3 mV, and 71.85% respectively. These 
parameters are almost unaffected with the integration of EVA coating. The highest 
increase in Jsc (~0.5 mA/cm
2
), corresponding to a maximum efficiency enhancement of 
0.28% was achieved when solar cell surface was coated with EVA/SrAl2O4:Eu
2+
 at 
particle density of 3.0-mg/ml. The efficiency deteriorated when the particle densities 
exceed 3.8-mg/ml {PCE lower than uncoated cell, see Figure 5.31(b)} since the serious 
particle aggregation resulted in a significant loss in transmittance towards the solar cell 




Figure 5.31. (a) J-V curves of mono-Si solar cells before and after coating with EVA, EVA/ SrAl2O4:Eu
2+
 
(3.0-mg/ml). Inset image shows the coated cell with EVA/ SrAl2O4:Eu
2+
 composite layer under UV 
illumination. (b) Enhancement in PCE of coated cells at different. 
. 














Uncoated 37.87 604.3 0.1405 71.85 16.43 
Cell/EVA 37.82 603.1 0.1399 71.73 16.36 
Cell/EVA/SrAl2O4:Eu
2+ 
(2.0 mg/ml) 38.10  604.6 0.1416 71.89 16.55 
Cell/EVA/SrAl2O4:Eu
2+ 
(2.5 mg/ml) 38.19 604.6 0.1420 71.94 16.61 
Cell/EVA/SrAl2O4:Eu
2+ 
(3.0 mg/ml) 38.37 605.3 0.1429 71.94 16.71 
Cell/EVA/SrAl2O4:Eu
2+ 
(3.5 mg/ml) 38.31 605.0 0.1425 71.89 16.66 
Cell/EVA/SrAl2O4:Eu
2+ 
(4.0 mg/ml) 37.58 604.3 0.1395 71.85 16.32 
 
Figure 5.32 shows the variations in the reflectance of the mono-Si solar cells coated 
with EVA/SrAl2O4:Eu
2+
 at different particle concentrations. For comparison, the 
reflectance spectra of bare cell and solely EVA coated cell are also presented. The 
results show that the coated cells with enhanced performance exhibited overall 
reduction in reflection at tested wavelength range of 200 to 850 nm. However, even at 
the optimal particle density of 3.0-mg/ml, the enhancement in reflectance within both 
UV and visible region is insignificant. This is most likely caused by the strong back 
scattering of the phosphor particles with grain size larger than the width profile of the 
pyramidal textured structures as they reflect a considerable fraction of incident light and 
decline the original transmittance towards the cell. As a result, the benefits in light 
harvesting obtained from down-conversion were largely offset by the shading effect.  
However, this is inevitable since solid state method usually requires high reaction 
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temperature (1300-1900 ºC) which eventually generated large- and highly-agglomerated 
particles. Further reduction in particle size through mechanical milling may induce 
additional structural and surface defects that increase the frequency of non-radiative 
recombination and relaxation process, which in turn impair the luminescent materials’ 
optical properties and quantum efficiency [233,234]. 
 
Figure 5.32. Reflectance spectra of all evaluated solar cells. 
5.5.4 Conclusion 
This work demonstrated the possibility of using broadband luminescent 
down-converting phosphor material for improving the electrical characteristics of 
commercial monocrystalline silicon solar cells. The SrAl2O4:Eu
2+
 phosphor, prepared 
by solid state method shows high luminescent intensity and broad absorption band in 
the spectral region of 280 to 450 nm. This phosphor can be potentially used as a 
UV-spectral down converter and applied onto the mono-Si solar cell through rotary 
screen printing technique. Although the optimum design by integrating 
EVA/SrAl2O4:Eu
2+
 onto the cell surface showed only a marginal increase in PCE under 
AM 1.5G illumination, but it opens new possible approaches of utilising more 
Eu
2+
-doped broadband DC phosphors to suppress the Fresnel reflection loss and to 
improve the spectral response of commercial mono-Si solar cells at short-wavelength of 
UV-region. Further efficiency gains can be expected by reducing the particle size and 
increasing the quantum efficiency of SrAl2O4:Eu
2+




This chapter developed a simple and cost-effective luminescent layer applied onto 
the textured surface of mono-Si solar cells and demonstrated that the down-converting 
Gd2O2S:Tb
3+
 phosphor could effectively improve the solar cell’s conversion efficiency.  
The empirical results showed an optimum enhancement of 3.6% (from 16.43% to 
17.02%) in PCE relative to those for a pristine cell. This enhancement was attributed to 
the improved light absorption brought by the conjunction effects of EVA binder and 
Gd2O2S:Tb
3+ 
phosphor. The integration of Tb-doped phosphor particles on a 
front-textured solar cell can enhance the EQE within the UV-region through DC effects 
and within the visible-region through forward light scattering.  
Gd2O2S:Tb
3+
 submicron phosphor, as the down-converting material with a high 
photoluminescence quantum yield and good thermal stability, is a suitable alternative to 
obtain an enhanced solar cell performance at a relatively low cost and is 
environmentally friendly. EVA matrix provides promising host conditions for the 
phosphor particles and finally, the rotary screen-printing formed a relatively uniform 
layer and it is believed to be applied to various types of photovoltaic devices and other 
phosphor powders. 
In this chapter, efforts and attempts on obtaining a further breakthrough in 
improving device performance through expanding of the luminescence bandwidth were 
also made by applying a broadband luminescent down-converting europium (Eu)-doped 
strontium aluminate (SrAl2O4) phosphor/EVA composite layer onto the silicon solar 
cell surface via rotary screen printing. Although the optimal design showed only a 
marginal increase of 0.28% in PCE, but it opens new possible schemes to resolve the 
reflection loss in silicon solar cell. Unprecedented device performance and further 
efficiency gains can be expected by reducing the particle size down to submicron-scale. 
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Chapter 6 Summary and Future Work 
This chapter gives the summary and conclusion for this thesis. Expectations of 
future research are briefly discussed. 
6.1 Summary and Conclusion 
Overview and Motivation 
The main target of this work aims at exploring an efficient and suitable approach to 
improve the photovoltaic performance of single crystalline silicon solar cells through 
the application of novel light-harvesting materials. Candidate materials investigated 
include porous titanium dioxide (TiO2) and magnesium oxide doped-titanium dioxide 
nanoaerogels (MgO-TiO2), as well as the europium-doped strontium aluminates 
(SrAl2O4:Eu
2+
) and the submicron-sized terbium-doped gadolinium oxysulfide 
(Gd2O2S:Tb
3+
) phosphors.  
A simple and cost-effective laboratory method for producing dual-function ARC on 
mono-Si solar cells was developed by screen-printing a mixture solution of those 
candidates dispersed in an EVA co-polymeric matrix onto the solar cells’ textured 
surface. In this thesis, integrations of ARCs on the surface of silicon solar cells were 
successfully demonstrated using two different coating techniques. Blade screen printing 
method is used for the deposition of titanium dioxide-based nanocomposite layer while 
the EVA/phosphor luminescent-composite layer was obtained by using the rotary screen 
printing technique.  
EVA/TiO2 Antireflection Coating 
In chapter 4, anatase phase TiO2 and MgO-TiO2 mixed oxide nanoparticles were 
investigated and used as the precursor materials of ARC for silicon solar cells owing to 
their outstanding UV-photocatalytic performance and excellent optical properties. 
Mesoporous TiO2-based nanoaerogels with high specific surface area have been 
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successfully prepared by colloidal homogeneous precipitation sol-gel method and their 
application on commercial p-type single-junction mono-Si solar cells have showed great 
capability in promoting the light absorption as well as in improving the electrical 
characteristics. Significant reduction in optical reflectance particularly at short-middle 
wavelength of UV-region can be clearly observed when these nanoaerogel coatings are 
deposited on the cell’s surface due to the absorption of high-energy photons by 
TiO2-based nanoparticles. On the other hand, in the visible region, more incident 
photons are able to penetrate through the porous nanoaerogels and subsequently reach at 
the interface of the textured layer, giving rise to an overall enhancement in 
light-harvesting and the photoelectric conversion efficiency of silicon solar cells.  
In this chapter, the effects of MgO dopant on boosting the light scattering capacity 
of TiO2 NPs are investigated. Doping small amount of MgO into TiO2 crystals resulted 
in a remarkable increase in specific surface area and enhancement in photon absorption 




 could induce crystal defects and 
vacancies at the surface of mixed oxide system, which may potentially helps in 
suppressing the recombination of charge carriers near the device surface and increasing 
the photon transition and conversion because the light is more easier to transmit through 
the pore and strike on the SiNx layer. This is responsible for the further promotion in 
light absorption as well as the more pronounced increase in power conversion efficiency. 
Furthermore, the concentration of dispersed TiO2-based nanoaerogels is closely linked 
to the enhanced electrical performance of coated cells. The optimum design for boosting 
the light-harvesting efficiency was achieved by integrating EVA/MgO-doped TiO2 
nanocomposite on solar cells’ textured surface where a relative enhancement of 6.0% in 
power conversion efficiency has been demonstrated at particle density of 0.3-mg/ml. 
In this study, fabrication of TiO2-based aerogel nanomaterials is simple and 
environmental friendly without any toxic product. The nanometer sized TiO2 spheres are 
more stable and economical than other metallic nanoparticles due to their intrinsic 
feature of oxides, which may allow this design feasible for solar cells at production 
scale. Blade screen printing method formed a homogeneous nanocomposite layer which 
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served as an efficient ARC to compensate for the low spectral response of silicon solar 
cells at UV-blue region. Moreover, film thickness and size produced through this 
approach is controllable with the use of different coating guides which could be applied 
in other types of photovoltaic devices.  
EVA/Phosphor Down-conversion Coating 
An alternative scheme to overcome the poor spectral response of silicon solar cells 
at short wavelength has been proposed in chapter 5 where the green-emission 
terbium-doped gadolinium oxysulfide phosphor material was employed as a spectral 
down-converter. In this work, the submicrometer-sized (~ 160 nm) Gd2O2S:Tb
3+
 
hexagons, with a high quantum yield (~ 47%) and relatively broad UV absorption band, 
are qualified to improve the solar cell’s performance. Compared to most metallic 
nanoparticles and quantum dots, they are more stable and efficient in attaining 
enhancement on conversion efficiency of solar cells in a low cost manner.  
Fabrication of the luminescent-composite layer by encapsulating the phosphor 
particles in an EVA matrix could produce a dual-function coating on mono-Si solar cells’ 
textured surface because this coating not only serves as a down-converting layer at 
short-wavelength of solar spectrum but also acts as an antireflective layer in the longer 
wavelength region. Under an AM 1.5 illumination condition, the best design by 
applying EVA/Gd2O2S:Tb
3+
 on the textured surface of mono-Si solar cell achieved a 
highest increase of 2.5% in Jsc, corresponding to a maximum enhancement of 3.6% in 
power conversion efficiency. The potential mechanism behind the observed 
enhancement can be attributed to the luminescent down conversion, as well as to the 
improved visible light trapping and optical index matching, benefiting from the 
combined effects of EVA binder and phosphor particles. Comparative analysis on 
enhanced solar cells revealed that the presence of submicron Gd2O2S:Tb
3+
 phosphor 
gives rise to a noticeable increase in EQE and drastic reduction in reflectance in the UV 
range, which also explains the more pronounced increase in photocurrent and 
conversion efficiency whereas these are not observed when solar cells are coated with 
undoped-Gd2O2S bulk materials. Meanwhile in the visible region, the enhancement in 
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EQE is mostly likely due to the outstanding scattering behavior provided by the 
hexagonal Gd2O2S particles because no PLE signal is detected in this region. A further 
enhancement in conversion efficiency can be expected with the increase of luminescent 
quantum yield as long as the particle concentration is adjusted to its optimal value. In 
addition, most notably, the EVA used in this work plays a pivotal role in contributing to 
obtaining the maximum performance enhancement in silicon solar cells since it not only 
serves as a binding material for encapsulating phosphor particles to the solar cell but 
also provides antireflective properties with an adapted refractive index which did not 
impair the DC effect and inherent light-scattering behavior of the phosphor particles. 
Finally, the rotary screen printing technique offers an easier alternative way of 
establishing a homogeneous dual-function ARC comprising an inorganic phosphor and 
polymeric matrix to overcome the spectral mismatch in silicon solar cells which can be 
applied to a variety of types of photovoltaic devices and other related phosphors. 
6.2 Outlook and Future Direction 
The application of TiO2-based nanoaerogels will continue to gather more research 
interest, with the obtained results, the expectation for future work is to explore for new 
candidate dopants in order to modify the optical properties of TiO2 since its light 
absorption capacity is still confined to UV-region due to the wide bandgap (3.2 eV). 
Thus, for obtaining efficient light-harvesting performance, it is essential to extend its 
photon response range from UV to visible region of solar spectrum. Doping 
nanostructrued TiO2 with moderate level of transition metallic elements (e.g., Fe, Cr) 
that having lower band gap energy may contribute to a red shift of the absorption edge 
and in consequence the improved visible light photoactivity. In addition, it is expected 
that an optimum incorporation of metal ions in TiO2 host matrix could help suppress the 
recombination of photogenerated electron-hole pair and prolong the lifetime of minority 
carriers in silicon solar cells. 
As for the research of phosphor application on PV cell’s performance enhancement 
conducted in this study, a possible avenue of future suggestion is to develop new 
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candidate materials for DC or luminescent down-shifting (LDS) layer by expanding the 
spectral operating range (absorption band) across the whole UV-region while retaining 
the photoluminescence quantum yield and particle size. This is of crucial importance 
since it could ensure a more efficient utilisation of solar spectrum for spectral 
conversion while maintaining the light scattering behavior across a large spectral region 
and thus further enhancement of light trapping in silicon solar cells. In addition, Tb, as 
an efficient rare earth element, which exhibited significantly high emission intensity and 
luminous efficacies, however, to some extent, it is also an expensive lanthanide in 
comparison with others and that replacement of Tb by other lanthanides (such as Eu, Yb 
and Pr) to reduce the production cost might be one of executable subjects in the future 
research work. Note that the phosphor in current work serves as UV-spectral converter 
and it is believed that such a luminescent-composite layer could help alleviate the 
degradation of EVA caused by the photothermal decomposition, which may find new 
applications in PV module encapsulation materials. Furthermore, an extra benefit from 
incident spectrum may be accomplished by applying luminescent species on the back 
surface of silicon cells as an up-converter without disrupting the absorption of 
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Appendix A Supplementary Information 
A.1 Supplementary information: Comparison of solely 
EVA-coated solar cells by using two different screen-printing 
techniques 
 
Figure A-1. Reflectance spectra (a) and J-V curves (b) of 15wt% solely EVA coated cells using two 
different screen-printing techniques. 
 















Uncoated 36.58 599.3 0.1346 71.83 15.74 
Cell/EVA (Blade-screen-printing) 36.39 598.9 0.1338 71.76 15.64 
Cell/EVA (Rotary-screen-printing) 36.51  599.0 0.1341 71.71 15.68 
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A.2 Supplementary information: Electrical characteristics of 
EVA/Gd2O2S:Tb
3+
 coated cells under natural sunlight 
 In order to further prove the enhanced electrical performance brought by the 
Gd2O2S:Tb
3+
 phosphor, the optimised solar cells that obtained were also characterised 
under real sunlight. The solar irradiance was measured by a pyranometer (SP-110-SS, 
Apogee Instruments, USA) and a UV light meter (UV-340A, Luton Electronic, USA).  
 
Figure A-2. (a) Distribution of solar irradiance per time of a particular day in July (the solar time for each 
recorded local clock time is labeled underneath, and the solar hour angle “ω” with regard to the 
corresponding solar time is highlighted). Inset image and table show separately the experimental set-up 
and the timely irradiance intensity as well as the geographic information. (b) J-V curves of solar cells 
before and after coating with solely EVA and EVA/Gd2O2S:Tb
3+ 
(2.0-mg/ml) under natural sunlight 
illumination (1000 W/m
2
). (c) J-V curves of optimised solar cells at different irradiance levels. (d) 
Comparison of PCE between uncoated and coated cell with EVA/Phosphor as a function of irradiance 
variations. Inset table demonstrates an example of the phosphor application on a commercial Motech 
mono-Si PV module where the daily electric generations for XS60CB310 module with and without 
phosphor coating (2.0-mg/ml) are compared. The mass of Gd2O2S:Tb
3+
 phosphor for covering the 
effective area for a module is estimated to be at 506.7 mg. 
Table A-2. J-V characteristics of mono-Si solar cells coated with EVA and EVA/Gd2O2S:Tb
3+
 (2.0-mg/ml) 

























Uncoated 37.76 599 0.1388 71.71 16.23 - - 
Cell/EVA 37.64 595 0.1381 71.82 16.14 -0.09% -0.55% 
Cell/EVA/Gd2O2S:Tb
3+
 38.85  600 0.1435 72.04 16.78  0.55% 3.4% 
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A.3 Supplementary information: Discussion of experimental 
attempts with regard to Ethyl Cellulose for PV cell 
encapsulation 
 
In this thesis, in addition to EVA, Ethyl Cellulose (EC) (ETHOCEL
TM
, Dow 
chemical EU) polymer was also attempted to be used as a potential alternative binder 
for encapsulating PV cell due to its unique organo-solubility as well as moderate 
refractive index value (n = 1.47~1.48) and electrical properties [235].  
However, the reason that an EVA was finally chosen in place of EC sample was 
twofold. Firstly, commercial EC with appearance of white powder and large particle 
size (average size around 15 micrometers) would not form a transparent binding layer at 
room temperature although it can be easily dissolved in p-xylene solution, instead, the 
precipitate would deposit and eventually form a cloudy-white film onto the cell surface 
as soon as the coated solution reached its saturation condition, which resulted in a 
significant shading effect that reduced the original transmittance towards the cell. 
Secondly, in terms of PV cell reliability, the encapsulant properties are critical in 
respond to UV irradiation, it was observed that EC film degraded easily under UV or 
natural sunlight illumination, however, this may largely inhibit the absorption 
capabilities of light harvesting materials (such as TiO2 and phosphor) that having 
spectral operating or functionality particular in the UV-blue range. Therefore, the EC 
polymer may not be a suitable encapsulating candidate for the scenario in current 








Appendix B Poster Presentations 
This appendix contains the posters presented in the conference events. 
This poster was presented in the 32
nd
 European PV Solar Energy Conference and Exhibition (EU PVSEC), 
2016. The poster titled “Nanostructured MgO-doped TiO2 Aerogels for Enhanced Monocrystalline Silicon 
Solar cells”. Author of this work were Mr Fanchao Meng, Dr Zahir Dehouche, Miss Nutasarin Aorrapum, 











This poster was presented in the 2
nd
 International Conference in Advanced Energy Materials (AEM), 
2017. The poster titled “Photoluminescence of green-emitting Gd2O2S:Tb
3+
 phosphor for enhanced 
monocrystalline silicon solar cells”. Author of this work were Mr Fanchao Meng, Dr Zahir Dehouche, Dr 
Terry Ireland, and Dr George Fern. 
 
 
 
 
 
 
 
 
 
 
 
 
